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ABSTRACT 
On average, our society generates ~0.5 ton of municipal solid waste per person annually. 
Biomass waste can be gasified to generate synthesis gas (syngas), a gas mixture 
consisting predominantly of CO, CO2, and H2.  Syngas, rich in carbon and electrons, can 
fuel the metabolism of carboxidotrophs, anaerobic microorganisms that metabolize CO (a 
toxic pollutant) and produce biofuels (H2, ethanol) and commodity chemicals (acetate and 
other fatty acids). Despite the attempts for commercialization of syngas fermentation by 
several companies, the metabolic processes involved in CO and syngas metabolism are 
not well understood. This dissertation aims to contribute to the understanding of CO and 
syngas fermentation by uncovering key microorganisms and understanding their 
metabolism. For this, microbiology and molecular biology techniques were combined 
with analytical chemistry analyses and deep sequencing techniques.  First, environments 
where CO is commonly detected, including the seafloor, volcanic sand, and sewage 
sludge, were explored to identify potential carboxidotrophs. Since carboxidotrophs from 
sludge consumed CO 1000 faster than those in nature, mesophilic sludge was used as 
inoculum to enrich for CO- and syngas- metabolizing microbes. Two carboxidotrophs 
were isolated from this culture: an acetate/ethanol-producer 99% phylogenetically similar 
to Acetobacterium wieringae and a novel H2-producer, Pleomorphomonas 
carboxidotrophicus sp. nov. Comparison of CO and syngas fermentation by the CO-
enriched culture and the isolates suggested mixed-culture syngas fermentation as a better 
alternative to ferment CO-rich gases. Advantages of mixed cultures included complete 
consumption of H2 and CO2 (along with CO), flexibility under different syngas 
compositions, functional redundancy (for acetate production) and high ethanol production 
 ii 
after providing a continuous supply of electrons. Lastly, dilute ethanol solutions, typical 
of syngas fermentation processes, were upgraded to medium-chain fatty acids (MCFA), 
biofuel precursors, through the continuous addition of CO.  In these bioreactors, 
methanogens were inhibited and Peptostreptococcaceae and Lachnospiraceae spp. most 
likely partnered with carboxidotrophs for MCFA production.  These results reveal novel 
microorganisms capable of effectively consuming an atmospheric pollutant, shed light on 
the interplay between syngas components, microbial communities, and metabolites 
produced, and support mixed-culture syngas fermentation for the production of a wide 
variety of biofuels and commodity chemicals.  
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CHAPTER 1 Introduction and significance 
Thousands of research articles and extreme weather phenomena have been reminding us 
the unforeseeable aftermath of our industrial aggression on the planet. Air, water, and soil 
pollution, colossal amounts of waste generated, and the greenhouse effect are the main 
consequences of our unsustainable development. Environmental and health damage 
implore the need for alternative energy sources –independent from fossil fuels– and for 
industrial processes with reduced greenhouse gas emissions. For the years ahead, 
sustainability will be the best way to satisfy societal demands without depleting natural 
resources and further polluting the environment. Accordingly, biotechnological processes 
are the most promising towards a sustainable development. 
Carbon monoxide: a main air pollutant and energy source for carboxidotrophs 
According to the US Environmental Protection Agency (USEPA), carbon monoxide 
(CO) is an air pollutant that can harm health and the environment. CO is an odorless toxic 
gas that indirectly contributes to global warming by enhancing the abundance of 
greenhouse gases (carbon dioxide and methane) in the atmosphere (Feilberg et al., 2002; 
IPCC, 2001). Its toxicity is a consequence of its high affinity to metals in metal-
containing enzymes (e.g., metalloproteins). In humans, CO competes with oxygen for 
binding to hemoglobin, the O2-transporting protein in blood, resulting in deprivation of 
oxygen at the cellular level (Ernst and Zibrak, 1998). Likewise, in microorganisms, the 
sensitivity of metalloproteins towards CO results in growth inhibition. Despite its 
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toxicity, specific microorganisms, termed carboxidotrophs, are capable of utilizing CO as 
carbon and electron source.  
Aerobic and anaerobic carboxidotrophs metabolize CO through the enzyme 
carbon monoxide dehydrogenase (CODH), which catalyzes the reaction: CO + H2O à 
2H+ + 2e− + CO2. Anaerobic carboxidotrophs are capable of coupling CO-oxidation to 
respiratory and fermentative processes by linking the electron equivalents generated 
through CODH to the reduction of various internal (fermentation) and external 
(respiration) electron acceptors, such as protons, iron (III), sulfate, and CO2. Accordingly, 
carboxidotrophic hydrogen-producers (Singer et al., 2006), iron- and sulfate-reducers 
(Sokolova et al., 2009; Yagi, 1959), methanogens (Diender et al., 2016a) and acetogens 
(Diekert and Thauer, 1978) generate H2, iron (II), hydrogen sulfide, and methane and 
acetate, respectively. Besides acetate, carboxidotrophic acetogens produce a wide range 
of products including, ethanol, butanol, 2,3-butanediol, butyrate, lipids, biopolymers, and 
other acetyl-CoA derivatives via CO fermentation (Diekert and Thauer, 1978). All these 
products are of great interest to the chemical and biotechnological industries. 
The CO-derived CO2 produced during anaerobic carboxidotrophy is fixed into 
cellular carbon by a reductive CO2 fixation pathway (Lindahl, 2002). Acetogens, 
methanogens and most sulfate reducers fix carbon using the Wood-Ljungdahl pathway, 
also named the Acetyl-CoA pathway. Other autotrophic prokaryotes including some 
carboxidotrophic hydrogen-producers fix carbon through the Calvin cycle (Codd and 
Kuenen, 1987). In the Acetyl-CoA pathway, CO2 is fixated with electrons derived from 
H2. Carboxidotrophs can also derive electrons from CO. In this manner, combinations of 
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H2, CO2, and CO can be utilized for growth by carboxidotrophic acetogens and other 
microorganisms equipped with this pathway. 
Fermentation of CO-rich gases: a sustainable process for resource recovery while 
reducing biomass waste and greenhouse gas emissions 
Besides their capability to consume an atmospheric pollutant, carboxidotrophs are of high 
interest to biotechnology for their ability to convert CO + CO2 + H2 into useful products. 
This gas mixture is typically the composition of off-gases produced by heavy industries, 
such as steel mills, and of synthesis gas (also named syngas), produced in the gasification 
of biomass waste (e.g., municipal, agricultural, forestry, and paper mill waste, etc.) (A. V. 
V Bridgwater, 1995; Ciferno and Marano, 2002; Molitor et al., 2016). Accordingly, 
carboxidotrophs can convert gasified biomass wastes and off-gases into biofuels (e.g., H2, 
CH4, ethanol, butanol) and other valuable products (e.g., acetate, butyrate and other fatty 
acids) via the Wood-Ljungdhal pathway. Fermentation of CO-rich gases can contribute to 
the decrease in air pollution and greenhouse gas emissions, by capturing off-gases (before 
they pollute the atmosphere) and recovering carbon, and to the reduction of biomass 
waste.  
 According to the World Bank Group, average global municipal solid waste 
(MSW, commonly known as garbage) generation is ~0.5 ton per person annually. 
Generation rates are influenced by the degree of industrialization, economic 
development, and education level. According to the US Environmental Protection 
Agency (USEPA), in 2013 every American generated ~0.8 tons of MSW. Only 34% of 
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this was recycled or composted; the rest was landfilled or burnt. However, at least 61% of 
MSW is biomass waste that could be gasified for syngas fermentation. 
Microorganisms that thrive under high CO concentrations are key for syngas 
fermentation  
From an ecological perspective, before my research work began, anaerobic 
carboxidotrophs have only been identified in wastewater treatment plants (Jing et al., 
2017; Luo et al., 2013; Sipma et al., 2003) and high-temperature environments such as 
geothermal springs and deep-sea hot vents (Brady et al., 2015; Sokolova et al., 2009). 
However, CO is also produced in natural water bodies and soils. Therefore, anaerobic CO 
metabolism in water and terrestrial environments must be an important ecological 
process. Because of this, exploration of natural environments is essential to uncover 
anaerobic carboxidotrophy in nature and to identify novel anaerobic carboxidotrophs, 
possibly with potent CO-converting capabilities. 
 Today, after more than 8 decades of research on anaerobic carboxidotrophy, CO 
has been identified as a substrate for acetogenesis, methanogenesis, and 
hydrogenogenesis, in ~36, 7, and ~17 characterized strains, respectively (See Chapter 2 
for details). The maximum percentage of CO in the gas phase tolerated by these 
carboxidotrophs varies widely, from <5 to 100% CO atmosphere. This is relevant for 
industrial applications since CO concentrations in syngas range from 10-15 to 70% (A. 
V. V Bridgwater, 1995; Molitor et al., 2016). Therefore, there is a need to identify 
microorganisms that thrive under high CO concentrations (>15% of the gas phase). 
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Understanding the effect of CO2 and H2 on CO metabolism is necessary for efficient 
syngas conversion platforms 
The CO, CO2, and H2 content in syngas varies depending on the process that generates 
the off-gas (e.g., steel making process) or the type of waste gasified and the gasification 
conditions (A. V. V Bridgwater, 1995; Ciferno and Marano, 2002). Because syngas 
composition varies, understanding the effects of syngas components on the metabolism of 
carboxidotrophs is important to optimize syngas conversion to desired products. Studies 
on this topic have reported that increased partial pressures of CO (PCO) inhibit some 
microorganisms and affect product distribution (e.g., acetate/ethanol ratios) or product 
specificity (e.g., methane vs. acetate production) in others (Chang et al., 2001; Hurst and 
Lewis, 2010; Maynard et al., 2001; Rother and Metcalf, 2004). Similarly, changes in CO2 
and H2 content (e.g., PCO2, PH2 and CO/CO2 and CO/H2 ratios) also affect the growth rate 
of carboxidotrophs and product distribution. Few studies on this subject report the switch 
from acetate to ethanol production by carboxidotrophic acetogens at increased pressures 
of syngas (Younesi et al., 2005), PCO, and decreased CO/CO2 ratios (Hurst and Lewis, 
2010). However, the effects of H2, and H2 with CO2 on CO-metabolism have not been 
explored. 
Mixed-culture syngas fermentation is a potential alternative for a robust process 
Despite the attempts for commercialization of syngas fermentation by several companies, 
we are far from understanding the metabolic processes involved in CO and syngas 
metabolism. Research efforts have focused on optimizing syngas conversion to liquid 
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biofuels by pure cultures of Clostridia (Ramió-Pujol et al., 2015a). Results suggest that 
fixed H2:CO and CO:CO2 ratios might be required by pure cultures to assure continuous 
production of desired products. However, fixed ratios might not be needed in mixed-
culture syngas fermentation. Mixed microbial communities have shown high flexibility 
under changing environmental conditions. Moreover, sterilization conditions are less 
stringent (Marshall et al., 2013). Hence, mixed cultures comprising microorganisms 
highly resistant to CO might be more suitable for industrial applications. Their high 
flexibility and robustness can help reduce costs of operation and save on syngas cleanup 
(e.g., adjustment of syngas composition). Moreover, the stability of mixed cultures under 
syngas variations (CO, CO2 and H2 content) might attest continuous production of 
desired products at constant concentrations, facilitating product recovery. However, the 
potential advantages of mixed cultures in CO and syngas fermentation remain to be 
explored. Only a few studies have used mixed cultures for hydrogen (Pakshirajan and 
Mal, 2013), acetate (Nam et al., 2016) and ethanol production (Joana I. Alves et al., 2013; 
Ganigue et al., 2015). Although these studies report effective CO-conversion and high 
production rates, more studies are required to prove the feasibility and potential 
advantages of mixed cultures in CO and syngas fermentation. 
This dissertation aims to contribute to the understanding of CO and syngas 
fermentation by 1) identifying novel carboxidotrophs in CO- and syngas-metabolizing 
cultures from natural environments and sludge, 2) studying the effects of CO2 and H2 on 
CO metabolism by pure and mixed cultures, and 3) providing evidence for the advantages 
of using mixed cultures for fermentation of CO-rich gases. In the following section, I 
present the outline of my dissertation. This outline describes the motivation of my work 
 7 
and the specific objectives addressed in each chapter, along with a summary of the main 
findings. 
Dissertation Outline 
In Chapter 2 (“Background”), I present the background needed to understand the work 
done for this dissertation. I review anaerobic metabolism of CO and CO-rich gases 
(containing CO2 and/or H2) with a focus on H2, acetate/ethanol, and methane production. 
I summarize information on carboxidotrophic hydrogenogens, acetogens, and 
methanogens, the Wood-Ljungdahl pathway, the enzyme carbon monoxide 
dehydrogenase (CODH), adaptation to CO, and fermentation of various syngas mixtures 
(i.e., CO:CO2, CO:H2 and CO:CO2:H2). The main objectives of this chapter are i) to 
describe the mechanisms that allow anaerobic carboxidotrophs to metabolize CO (i.e., the 
Wood-Ljungdahl pathway and CODH); and ii) to summarize knowledge on 
carboxidotrophic acetogens, methanogens, and hydrogenogens, along with information 
on the effects of CO2 and H2 on CO metabolism. 
In Chapter 3 (“Anaerobic carbon monoxide oxidizers from the seafloor, lakes, 
volcanic sediments and high-pH sites”), I explore different environments in order to 
identify anaerobic carboxidotrophs that thrive under high CO-concentrations and that 
efficiently ferment CO. The specific objectives of the work presented in this chapter 
were: i) to investigate possible anaerobic CO-oxidation in samples collected from diverse 
natural environments; ii) to identify anaerobic CO-tolerant and carboxidotrophic 
microorganisms in these environments; and iii) to compare the CO-enriched cultures 
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from natural environments to those from an anthropogenic source (i.e., sewage sludge), in 
terms of phylogeny and CO-consumption rates. My research showed that anaerobic 
carboxidotrophy is widespread in nature. In addition, although most carboxidotrophs 
enriched from natural environments and sludge were Clostridia and Proteobacteria 
phylotypes, carboxidotrophs from sludge consumed CO 1000 faster than those in nature. 
After learning that anaerobic sewage sludge is a better source of carboxidotrophs 
capable of fast and efficient CO conversion than other environments, my next steps were 
to enrich anaerobic sludge with CO and to use the CO-enriched culture to study CO and 
syngas metabolism under different conditions. The objectives addressed in the work I 
present in Chapter 4 (“Evolution of microbial communities growing with carbon 
monoxide, hydrogen and carbon dioxide”) were: i) to enrich for carboxidotrophs and to 
adapt microorganisms in sludge to grow with CO; ii) to understand the effects of long-
term incremental increases in PCO on the microbial community structure and function; iii) 
to assess how H2 and/or CO2 influence CO metabolism and the microbial community 
structure; and iv) to identify carboxidotrophs in the CO-enrichment cultures. My results 
showed that different microorganisms were enriched at different PCO and in the presence 
of CO2 or H2. In accordance, the addition of CO2 or H2 to CO-fermentation increased the 
acetate/ethanol ratio and species diversity, compared to growth with CO as sole substrate. 
As part of this work, I isolated two bacterial strains that had no previous record in the 
literature of their capability to metabolize CO. The Pleomorphomonas-like isolate 
produced H2:CO2, whereas the Acetobacterium-like isolate produced ethanol when CO 
was the only electron/carbon source.  
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My findings on Chapter 4 shed light on the interplay between syngas components, 
microbial communities, and metabolites produced. However, more studies with the CO-
enriched culture and the isolates were needed to understand the effect of different syngas 
compositions on CO metabolism and to increase ethanol production. Consequently, the 
objectives of the work I present in Chapter 5 (“The effects of CO2 and H2 on CO 
metabolism by pure and mixed cultures”) were: i) to study and compare the performance 
(in terms of CO-consumption rates and metabolites produced) of CO-consuming pure and 
mixed cultures during fermentation of CO and CO-rich mixtures commonly used in 
syngas studies (CO:CO2, CO:H2, and CO:CO2:H2); and ii) to increase ethanol production 
yields by the CO-enriched culture. My research showed that the pure cultures of the 
isolates were more sensitive to changes in gas composition than the mixed culture. 
Contrary to the isolates, the CO-enriched culture consumed H2 and CO2 (along with CO) 
at similar CO-consumption rates and showed high functional redundancy for acetate 
production.  However, providing a continuous supply of electrons as CO by membrane 
diffusion caused the mixed culture to switch from acetate to ethanol production, 
presumably due to the increased supply of electron donor.  CO consumption rates of the 
mixed culture (2.1 – 7.1 mmol CO L−1 d−1) were similar to those achieved by several 
species of carboxidotrophic acetogens reported in the literature. These results reveal 
several advantages of mixed microbial communities over pure cultures for CO and 
syngas fermentation. 
Besides reactors optimized for ethanol production such as the system discussed in 
Chapter 5, dilute ethanol concentrations are common in syngas fermentation. Therefore, 
in Chapter 6 (“Impact of carbon monoxide partial pressures on methanogenesis and 
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medium chain fatty acids production during ethanol fermentation”) dilute ethanol 
solutions were upgraded to biofuel precursors (medium-chain fatty acids, MCFA), which 
are easier to separate than small ethanol concentrations, via fatty acid chain elongation 
with CO as carbon and electron donor. The specific objectives addressed in the research 
presented in this chapter were: i) to identify the minimum PCO required to inhibit 
methanogenesis while enhancing fermentation, ii) to determine if the inhibition of 
methanogenesis could lead to increased acetate or MCFA production, and iii) to study the 
structure of the microbial communities involved in fermentation of ethanol and CO at 
PCO ≤ 0.3 atm. My research revealed that the continuous addition of CO (at PCO ≥ 0.11 
atm) to mixed culture fermentation with small amounts of ethanol inhibited 
methanogenesis and lead to elongation of acetate (produced by acetogenesis or 
fermentation) to propionate, butyrate, and MCFA with CO-derived H2:CO2 and ethanol. 
Clostridium, Peptostreptococcaceae, Lachnospiraceae, and other Clostridiales most 
likely partnered with carboxidotrophs, potentially Acetobacterium, Pleomorphomonas, 
Oscillospira and Blautia species, to produce valerate, caproate, and heptanoate.  
Throughout this dissertation, Pleomorphomonas phylotypes are key members of 
mesophilic microbial communities involved in CO and syngas fermentation. Therefore, 
in Chapter 7 (“Anaerobic carbon monoxide metabolism by Pleomorphomonas 
carboxidotrophicus sp. nov., a new mesophilic hydrogenogenic carboxidotroph”), I 
thoroughly describe the Pleomorphomonas strain isolated by Chapter 4. The specific 
objectives of the research presented in this chapter were: i) to study the autotrophic (with 
CO), mixotrophic (with CO + yeast extract or glucose), and heterotrophic metabolism of 
the isolate; ii) to compare its metabolism to other previously characterized 
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Pleomorphomonas; and ii) to characterize the strain (phylogeny and phenotype). The 
phylogenetic characterization revealed that the isolate is a novel Alphaproteobacterium, 
Pleomorphomonas carboxidotrophicus. This isolate is the first Pleomorphomonas 
reported to anaerobically metabolize CO, the fifth mesophile reported to anaerobically 
convert CO to H2 and CO2, and the fifth Alphaproteobacterium reported to anaerobically 
metabolize CO.  
Finally, in Chapters 8 and 9, I summarize my contribution to the field and 
provide recommendations for future work to make mixed-culture syngas fermentation a 
foreseeable reality. Recommendations include doing an economic analysis to investigate 
the advantages (and profits) to society of fermenting CO-rich gases, crafting an efficient 
mixed microbial community by selecting key microbial partners studied in this 
dissertation or that remain to be found, scaling up my batch systems to fed-batch or 
continuous reactors (depending on the product desired), and developing qPCR methods 
for the quantification of carboxidotrophs for research and quality control.	 	
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CHAPTER 2 Background 
CO in the environment 
Carbon monoxide (CO) is a toxic gas and a criteria air pollutant (USEPA; 
https://www.epa.gov/co-pollution). It also contributes to global warming by increasing 
the concentration of greenhouse gases in the atmosphere. CO2 is the main greenhouse gas 
and 1/6 of its concentration in the atmosphere is generated from CO (CO + OH à CO2 
+ H)(Feilberg et al., 2002; IPCC, 2001). This CO2-generating reaction also limits a 
number of hydroxyl radicals (OH) in the atmosphere available to destroy CH4, the 
second largest greenhouse gas (IPCC, 2001).  
The primary sources of CO are biotic (e.g., oxygenic cyanobacterial 
photosynthesis (Hoehler et al., 2001)) and abiotic oxidation of organic matter (e.g., 
thermochemical or photochemical degradation), and its incomplete combustion. Another 
significant CO source is the oxidation of nearly all hydrocarbons in the air (Feilberg et 
al., 2002; Ryter and Otterbein, 2004). Small amounts of CO can also be generated via 
cellular metabolism (Hickey et al., 1989; Zinder and Anguish, 1992). Half of CO 
emissions come from anthropogenic activity, including industry and fossil fuel 
combustion (Khalil and Rasmussen, 1988; Logan et al., 1981). The remainder is from 
natural oxidation of methane (CH4), other hydrocarbons, and vegetation, as well as 
oceanic and volcanic emissions (Swinnerton et al., 1970; Wardell et al., 2004). These 
processes account for the global emission of more than 109 tons of CO annually (Granier 
et al., 2011; USEPA, 2000). Despite high global emissions, atmospheric CO levels 
remain low (0.06-0.20 ppm in the Northern Hemisphere and 0.03-0.07 ppm at the South 
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Pole (IPCC, 2001; Khalil and Rasmussen, 1988)). Two processes are responsible for 
maintaining these low atmospheric CO concentrations: reactivity of CO with the 
hydroxyl radical (OH), to produce H2 and CO2, and consumption of CO by aerobic and 
anaerobic biota, such as microorganisms, molds, and plants (Feilberg et al., 2002; Inman 
et al., 1971). 
CO has a high affinity to metals in biological metalloproteins (Ernst and Zibrak, 
1998), making it highly toxic to organisms. Despite this toxicity, select groups of aerobic 
and anaerobic microorganisms are tolerant to CO, while carboxidotrophs are even 
capable of CO oxidation for energy conservation and growth. The metabolism of 
carboxidotrophs in oceans and soils is probably the most significant sink of CO in nature 
(Bartholomew and Alexander, 1979), reducing natural emissions to the atmosphere and 
removing up to 10% of annual emissions from Earth’s lower atmosphere (Bartholomew 
and Alexander, 1979; Gary M. King, 1999). Aerobic carboxidotrophy mainly produces 
CO2 and biomass (King and Weber, 2007). Anaerobic carboxidotrophy is more complex, 
with various end products (Sipma et al., 2006); this process is of great industrial, 
biotechnological, and ecological interest.  
Overview of carboxidotrophic acetogens, methanogens, and hydrogenogens 
Carbon monoxide dehydrogenase (CODH) is the key enzyme for CO-metabolism in 
aerobic and anaerobic carboxidotrophic microorganisms. CODH is a redox chemical 
transformer that catalyzes the oxidation of CO to CO2, resulting in energy generation, and 
the reduction of CO2 to CO using two electron equivalents (Ragsdale, 2008). The high-
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energy electrons provided by CO for reducing cellular electron carriers are derived from 
the low redox potential of the CO/CO2 pair (E0 = −520 mV), which is lower than that of 
the H2/H+ and glucose/CO2 pairs (E0 = −414 and −500 mV, respectively); hence, 
microorganisms able to metabolize CO have a potential thermodynamic advantage. 
Anaerobic carboxidotrophs couple CO oxidation to various respiratory processes by 
linking the electron equivalents from anaerobic Ni-CODHs (nickel-containing enzymes) 
to the reduction of electron acceptors, such as protons (Hirsch, 1968), CO2 (Diekert and 
Thauer, 1978), sulfate (Yagi, 1959), and ferric iron (Slepova et al., 2009) to generate H2, 
acetate, methane, hydrogen sulfide, and iron (II), respectively. Since protons and CO2 are 
mainly endogenous electron acceptors, carboxidotrophic hydrogenogenesis, acetogenesis, 
and methanogenesis are considered fermentative CO-metabolism.  
Hydrogenogenic carboxidotrophs are microorganisms that grow by oxidizing CO 
through CODH and subsequently reducing protons derived from H2O to form H2 and 
CO2 (water gas shift reaction, Table 2.1 Equation 1) (Tiquia-Arashiro, 2014). Reported 
carboxidotrophic hydrogenogens (summarized in Table 2.2), up to the beginning of this 
dissertation’s research, comprised multiple thermophiles (including iron- and sulfate-
reducers) but only four mesophiles (all Proteobacteria). While the thermophiles usually 
consume CO at fast rates, mesophilic Proteobacteria generally grow slowly using CO 
carbon and energy source and high levels of CO are inhibitory (Tiquia-Arashiro, 2014). 
A plausible explanation for these differences, besides temperature, could be the pathway 
used for carbon fixation (Diender et al., 2015). Mesophilic carboxidotrophic 
hydrogenogens fix carbon via the energy demanding Calvin cycle.  Many thermophilic 
carboxidotrophic hydrogenogens, such as Carboxydothermus hydrogenoformans 
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(Henstra and Stams, 2011; Wu et al., 2005), utilize (partially or entirely) the Wood-
Ljungdahl pathway (described in the next section) for carbon fixation. 
Carboxidotrophic acetogens produce a wide range of products through the 
reduction of CO2, including acetate, ethanol, butanol, 2,3-butanediol, butyrate, and other 
acetyl-CoA derivatives (Molitor et al., 2016). These acetogens are a select group capable 
of growing autotrophically with CO or in combination with CO2 and/or H2, through the 
Wood-Ljungdahl pathway for energy conservation and assimilation of CO2 into biomass 
(Drake et al., 1997; Schink, 1994).  Best-characterized carboxidotrophic acetogens 
(summarized in Table 2.3) belong to the class Clostridia within the families 
Eubacteriaceae, Clostridiaceae, and Thermoanaerobacteriaceae, in the phylum 
Firmicutes. Differences can be observed between the consumed substrates (autotrophic 
vs. mixotrophic growth) and growth rates using CO as carbon and/or electron source, 
indicating differences in the CO-metabolism, including the activity of their anaerobic 
CODHs. 
Similarly, methanogenic carboxidotrophs are archaea capable of converting CO to 
methane (Table 2.1; Equations 20-21), through the reduction of CO2. So far, CO has 
shown to be a substrate of methanogenesis for only 7 archaea (see Table 2.4), although 
growth with CO occurred at low CO partial pressures (PCO), after an adaptation period to 
CO, and/or in the presence of H2:CO2 or an organic substrate. In some of this 
methanogens, the methanogenic pathway shifts towards acetate production at increased 
PCO (Diender et al., 2016a; Rother and Metcalf, 2004).  
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Table 2.1. Metabolic reactions for CO, H2, and CO2 and Gibbs free energies at standard conditions and pH = 7. 
 
a The standard Gibbs free energies of formation (at pH = 7) were obtained from Rittmann and McCarty 2001. 
16 
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Table 2.2.  Identified carboxidotrophic hydrogenogens, tested growth conditions, metabolic products, and doubling times using CO as 
carbon and/or energy source 
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Abbreviations: NR, not reported; YE, yeast extract. 
 a Maness and Weaver (1994) report N-fixation  
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Table 2.3. Identified carboxidotrophic acetogens, tested growth conditions, metabolic products, and kinetic parameters 
 
   
19 
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Abbreviations: NR, not reported; YE, yeast extract (0.02-0.05%). Syngas = CO:H2:CO2) 
a CO-adapted strain 
20 
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Table 2.4. Identified carboxidotrophic methanogens, tested growth conditions, metabolic products, and doubling times on CO 
21 
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The Wood-Ljungdahl pathway: central CO-fixing pathway for carboxidotrophic 
microorganisms 
The Wood-Ljungdahl (W-L) pathway, originally named the reductive acetyl-coenzyme A 
(CoA) pathway (Wood, Harland et al., 1986), is the only known pathway that allows the 
direct incorporation of CO into microbial metabolism; this does not occur in the Calvin, 
reductive tricarboxylic acid or 3-hydroxypropionate cycles (Hu et al., 1982). The W-L 
pathway involves condensation of an acetyl-CoA molecule through the reduction of two 
CO2 molecules to produce acetate and ATP, biomass, and other compounds, including 
ethanol, butyric acid, butanol and other derivatives from acetyl-CoA (e.g., 2,3-butanediol, 
lipids and biopolymers) (Hu et al., 2013; Imkamp and Müller, 2007). Carboxidotrophic 
acetogens generate these compounds through the fixation of CO2/CO with CO and/or H2 
as an energy source (Hu et al., 2013).  
The W-L pathway, summarized in Figure 2.1, can be divided into the methyl and 
carbonyl branches. The methyl branch includes the pterin-dependent reduction of one 
CO2 molecule to a methylated compound that further donates the methyl group to form 
acetyl-CoA. This branch is important in one-carbon metabolism in all organisms, from 
bacteria and archaea to humans (Ragsdale, 2008). The carbonyl branch is unique to 
anaerobic microorganisms such as acetogenic bacteria and certain methanogens, sulfate 
reducers, and hydrogenogens (Ragsdale, 2008, 1997). It is used to fix CO2 into cell 
carbon or for synthesizing acetate to generate energy. The carbonyl branch relies on the 
enzyme complex between the enzyme CODH, which catalyzes reversible reduction of 
CO2 to CO, and acetyl-CoA synthetase (ACS), which assembles CO, CoA and a methyl 
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group to form the carbonyl group of acetyl-CoA, later the carboxyl group of acetate 
(Diekert et al., 1984; Ragsdale, 2008).  Six reducing equivalents are required for the 
reduction of CO2 to a methylated form, while two more are required for the reduction of 
CO2 to the carbonyl form of acetyl-CoA. These eight reducing equivalents can be derived 
from the oxidation of H2, alcohols, methyl chloride, sugars (e.g., glucose, fructose), 
pyruvate, oxalate, and CO (in carboxidotrophs), among others (Drake et al., 1997). 
The W-L pathway enables anaerobic growth with CO as the carbon and/or energy 
source; however, the presence of the pathway, of the CODH, or of the CODH/ACS in a 
microorganism does not necessarily imply that CO can be utilized as a growth substrate 
(Hammel et al., 1984; Ragsdale, 2008; Sipma et al., 2006)  T. his discrepancy led to the 
 that the evolved function of CODH/ACS is for acetyl-CoA synthesis or hypothesis
acetate dissimilation rather than CO consumption per se (O’ Brien et al., 1984). 
CODH/ACS in non-carboxidotrophic microorganisms (acetogens and other 
microorganisms with the W-L pathway) is limited to the reduction of CO2 to CO, as 
external CO is inhibitory. Besides metabolizing endogenous CO, CODH/ACS in 
carboxidotrophic microorganisms also catalyzes the oxidation of external CO (from the 
environment or growth medium). 
The W-L pathway is the hallmark of acetogens, and despite being discovered 
and most extensively studied in these microbes, it is also used by other anaerobic 
microorganisms for catabolic and anabolic purposes (Drake et al., 1997). Acetoclastic 
methanogens run the pathway in reverse and get energy by fermenting acetate to CH4 and 
CO2 (Imkamp and Müller, 2007; Ragsdale, 2008). Hydrogenotrophic methanogens use a 
modified version of the pathway to generate cell carbon (Imkamp and Müller, 2007).
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Figure 2.1. The Wood-Ljungdahl pathway and reactions for chemoheterotrophic and 
chemolithoauotrophic growth 
Box 1 shows reactions for acetogens growing with organic substrates; CO2 and electrons 
generated by the PFOR reaction are utilized by CODH/ACS to generate CO, and by formate 
dehydrogenase, hydrogenase and methylene-H4F reductase to produce a methylated compound 
(CH3-H4F). Box 2 shows reactions for acetogens that grow mixotrophically with glucose and CO; 
similar to heterotrophic growth, organic susbtrate fermentation is coupled to CO2 reduction with 
H2. When CO is available, some will be oxidized to CO2, and the rest will be incorporated into 
the carbonyl group of acetyl-CoA. Box 3 summarizes reactions for acetogens that grow 
autotrophically on CO; CO is directly incorporated into the carbonyl group of acetyl-CoA, and 
the CO2 molecule reduced to the methyl group is generated from CO by CODH. The required 
reducing equivalents are derived from the CO-oxidation reaction. Box 4 shows reactions for 
acetogens that grow autotrophically on syngas (CO, H2, and CO2). The CO2 molecule reduced to 
the methylated compound can come from the medium or be generated from CO by CODH. The 
CO molecule necessary to assemble acetyl-CoA can be directly incorporated from the medium or 
generated from CO2 by CODH. The required reducing equivalents come from CO and/or H2.  
The methyl and carbonyl branches of the pathway are highlighted in pink and yellow, 
respectively.  
PFOR, pyruvate ferredoxin oxidoreductase ; H4F, tetrahydrofolate; CFeSP, corrinoid iron sulfur 
protein; CH, methenyl; CH2, methylene; CH3, methyl; CH3-CO-S-CoA, acetyl-coenzyme A; 
CHO, formyl; Fd (ox), ferredoxin oxidized.
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Microbial anaerobic growth with CO as energy and carbon source 
CO metabolism through the W-L pathway is an early form of metabolism that has spread 
among microbial domains (Bacteria and Archaea) throughout evolution and via 
horizontal gene transfer (Ferry and House, 2006; Schut et al., 2016; Techtmann et al., 
2012). For CO to be utilized as an energy and carbon source, a CODH that can function 
in the CO oxidizing (CO + H2O à H2 + CO2) direction must be present. Also the 
microorganism must be equipped with a CO-resistant metabolic machinery that can be 
induced after exposure or adaptation to CO. In this regard, the carboxidotrophic 
hydrogenogen Rhodospirillum rubrum contains a heme-binding protein (encoded by the 
cooA gene) that acts as a CO-sensor activating transcription of genes involved in CO 
oxidation after exposure to CO. The conformational change of the protein CooA caused 
by CO binding serves as a signal transduction pathway between the active region of 
CooA and DNA-binding domains (Bender et al., 2011; Roberts et al., 2004; Shelver et 
al., 1997). Other anaerobic microorganisms containing cooA gene homologues are the 
sulfate-reducers Desulfovibrio vulgaris and D. desulfuricans (Roberts et al., 2004).  
In order to utilize electrons from CO as an energy source, it is possible that 
carboxidotrophs must first synthesize multiple CODH enzymes that rapidly catalyze CO 
oxidation to avoid its accumulation and subsequent cytotoxicity.  Such is the case for C. 
hydrogenoformans (Wu et al., 2005). According to 2012 analyses of the US Department 
of Energy’s Integrated Microbial Genome database, 6% of microbial genomes sequences 
available contained at least one [Ni-Fe]-CODH gene. Less than half of these genomes 
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(including microorganisms that have been characterized as carboxidotrophs) contained 
more than one and up to five [Ni-Fe]-CODH genes (Techtmann et al., 2012). Genomic 
analysis led to speculation that multiple genes encoding Ni-CODH anaerobes containing 
enzymes might be adapted to utilize exogenous CO (Sokolova et al., 2009; Techtmann et 
al., 2012). Sokolova et al. (2009) proposed that Ni-CODH genes within the CODH/ACS 
gene clusters are involved in pathways used to assimilate endogenous CO (i.e., CO 
generated from CO2 by CODH), whereas Ni-CODH genes additional to the CODH/ACS 
clusters or lacking ACS have evolved to assimilate exogenous CO (Sokolova et al., 
2009). A proposed explanation is that multiple genes encoding Ni-CODHs allow the 
microorganism to extract energy from CO by providing different metabolic pathways 
through which CO can be metabolized (Techtmann et al., 2012). Furthermore, multiple 
CODH-encoding genes might enable microbes to live at high CO concentrations because 
the molecules are distributed among multiple CO-metabolic pathways. These pathways 
include energy extraction, regulated by CODH operons, and carbon acquisition regulated 
by CODH/ACS operons (Techtmann et al., 2011). 
Besides producing multiple CODHs, carboxidotrophs might also be required to 
produce other cellular constituents such as special CO-resistant cytochromes (Tamura-Lis 
and Webster, 1986) that allow electron transfer from the CODH to external electron 
acceptors for respiratory processes. Moreover, to live with CO, carboxidotrophs must 
synthesize cellular constituents (e.g., protein channels for internal CO transfer) that 
protect the CO-sensitive metalloenzymes; there may also be other mechanisms to prevent 
intracellular CO accumulation (e.g., multiple CO-metabolic pathways for energy 
conservation and carbon acquisition as suggested by Techtmann et al. (2011)). 
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Adaptation to higher concentrations of CO is another important mechanism 
involved in CO consumption. Today, CO concentrations in nature are low (0.0003 – 
0.001% gas concentration in hydrothermal vents (Pérez et al., 2008), 0.37 – 4 % gas 
concentration in volcanic exhalations (Möller, 2014), and up to 4 nM dissolved aqueous 
concentration in the Pacific ocean (Johnson and Bates, 1996)).  For this reason, 
microorganisms might not be adapted to grow in atmospheres with high CO content. CO 
adaptation can occur after long-term exposure to increasing levels of CO and/or after 
sequential transfers in CO-containing medium (Bryant and Boone, 1987; S. H. Lee et al., 
2016; Lynd et al., 1982). Rates of CO conversion to H2 by Thermococcus onnurineus 
NA1 were enhanced by adapting this hyperthermophile to CO through multiple serial 
transfers (S. H. Lee et al., 2016). Likewise, Methanosarcina acetivorans C2A was 
adapted to grow on CO by successive transfers at increased PCO (Rother and Metcalf, 
2004). Interestingly, CO-grown cultures of this archaeon required re-adaptation to CO 
after growth on other substrates. This could indicate that the expression of genes involved 
in CO metabolism are repressed after CO is removed from the environment and need to 
be re-induced upon CO re-exposure through a CO sensing mechanism. Microbes that do 
not require a long adaptation period to CO probably evolved in a natural niche where 
they were constantly exposed to this substrate. This could be the case for many 
thermophilic hydrogenogens isolated from extreme environments (Sokolova and 
Lebedinsky, 2013).  
Today, after more than 8 decades of research on anaerobic carboxidotrophy, CO 
has been identified as a substrate for acetogenesis, methanogenesis, and 
hydrogenogenesis, in ~36, 7, and ~17 characterized strains (Tables 2.2-2.4). However, 
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more carboxidotrophs could be identified if enough time is given for adaptation to CO, if 
different PCO are tested in growth studies, and if microbial communities are gradually 
enriched with CO. The enrichment of cultures with CO (at different PCO) to identify CO-
metabolizing microbes (from nature and anthropogenic sources) is the main theme of 
Chapters 3-4. 
Multiple carboxidotrophy routes: growth with CO, CO:organic substrate, CO:H2, 
CO:CO2, and CO:CO2:H2  
The extent of CO tolerance and consumption varies widely among microorganisms, even 
among those phylogenetically related. Carboxidotrophs equipped the W-L pathway (i.e, 
acetogens and certain methanogens, hydrogenogens, and sulfate and iron reducers) and/or 
with adequate CODHs (i.e., able to oxidize CO to CO2) are able to grow with CO as the 
energy and carbon source or in combination with H2 and CO2 (i.e., autotrophic growth) 
and/or with organic substrates (i.e., mixotrophic growth). As discussed in Chapter 1, off-
gases emitted by heavy industries and syngas produced through the gasification of 
biomass waste are mainly composed of CO, CO2, and H2 (Molitor et al., 2016). Because 
the composition of these CO-rich gases varies depending on the process, understanding 
the effects of CO, CO2, and H2 on the metabolism of carboxidotrophs is important to 
optimize their conversion to desired products. A few studies on this topic suggest that 
CO/CO2 and CO/H2 ratios and the addition of organic substrates have a significant effect 
on microbial metabolism, including growth rates and products yields and ratios. In the 
following sections, I describe the state of the art (before my research) regarding the 
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different autotrophies on CO (i.e., CO, CO:CO2, CO:H2, or CO:CO2:H2) and mixotrophy 
on CO and organic substrates (e.g., yeast extract). I also point out the need for more 
studies to understand the effect of syngas components and organic substrates on 
microbial metabolism. 
Autotrophic and mixotrophic growth on CO 
Autotrophy using CO as sole carbon and electron source is illustrated in Figure 2.1, and 
the stoichiometric reactions are summarized in its Box 3. In this type of growth, the CO 
molecule required to assemble acetyl-CoA is directly incorporated from the environment 
(growth medium), and the CO2 molecule reduced to the methyl group is generated from 
CO by CODH (Ragsdale, 2004). The required reducing equivalents are derived from the 
CO-oxidation reaction by CODH (Ragsdale, 2004). While autotrophic carboxidotrophic 
hydrogenogens are relatively abundant, only a small pool of acetogens and methanogens 
has been reported to utilize CO as sole carbon and energy source, particularly in a 100% 
CO atmosphere (Tables 2.3-2.4) or at high CO partial pressure (PCO > 0.3 atm). 
Autotrophic growth with CO is often accompanied by an extensive lag phase and/or a 
slower growth rate compared to growth on organic compounds or H2:CO2 (Savage et al., 
1987; Sharak Genthner and Bryant, 1982), unless adaptation to CO occurs through serial 
transfers at increasing PCO (Weghoff and Müller, 2016). The identification of 
microorganisms that metabolize CO at high PCO is one of the main objectives of my 
dissertation. 
The addition of organic substrates, such as anaerobic digester, rumen fluids, and 
yeast extract, to laboratory medium revealed that some carboxidotrophs (e.g., 
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Eubacterium limosum) grow faster (and with shorter lag phases) on CO (and CO:CO2) 
with an additional organic substrate, and require no adaptation period (Chang et al., 2007, 
1999; Sharak Genthner and Bryant, 1987). Similarly, Moorella thermoacetica is capable 
of growing under 100% CO atmospheres when grown mixotrophically with yeast extract 
(Kerby and Zeikus, 1983). Other carboxidotrophs (e.g., Clostridium pasteurianum, 
Caldanaerobacter subterraneus subsp. Pacificus, Thermincola ferriacetica) are incapable 
of autotrophic growth and only consume CO along with organic carbon sources (Fuchs et 
al., 1974; Sokolova et al., 2001; Zavarzina et al., 2007). The reasons for this increase in 
CO metabolism were unclear. However, these were explored in Chapters 4, 5, and 7 
where I compare the autotrophic (with CO) and mixotrophic growth (with CO and an 
organic substrate) of two carboxidotrophs.  
Besides promoting CO consumption, the addition of organic carbon sources 
affects the product distribution, including the ethanol/acetate ratios in 
acetogenic/solventogenic bacteria.  Clostridium ljungdahlii and Clostridium 
autoethanogenum produced more ethanol from a CO-rich mixture at decreased yeast 
extract concentrations (Abubackar et al., 2012; Barik et al., 1988; Gaddy and Clausen, 
1992). Clostridium ragsdalei strain P11 produced more ethanol with corn steep liquor 
than with yeast extract (Maddipati et al., 2011). Further research should be performed for 
each microbial species in order to find the appropriate requirements for increased CO 
conversion to desired products. In Chapters 4-5, I show the effects of yeast extract on 
the acetate/ethanol ratio by an Acetobacterium isolate. 
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Autotrophic growth on CO:H2 
homoacetogens use CO2 as a carbon source and electron acceptor, while H2 acts as the 
electron donor. If CO replaces CO2, the most efficient conversion process is the 
generation of reducing equivalents from H2, such that CO could be mainly used as a 
carbon source. If H2 is limiting, reducing equivalents can be produced by the oxidation of 
CO to CO2 via CODH at the expense of reduced carbon conversion efficiency (Hurst and 
Lewis, 2010). The challenge in this type of growth is that CODHs possess hydrogenase 
activity, as demonstrated in enzyme assays of highly purified CODHs (Menon and 
Ragsdale, 1996). Therefore, the activity of hydrogenases during growth with CO could be 
redundant.  
Despite the energetic feasibility of acidogenic, solventogenic, and methanogenic 
reactions from CO:H2 (Table 2.1, equations 4, 11, 14, 18, 21), only a few 
carboxidotrophs have been reported to simultaneously utilize CO and H2, mainly because 
CO inhibits hydrogenases (Drake, 1982). Carboxidotrophs that can utilize CO along with 
H2 include the phototrophic proteobacterium Rubrivax gelatinosus, which simultaneously 
consumes H2 and CO along with N fixation (Maness and Weaver, 1994), the 
thermophilic methanogen Methanothermobacter marburgensis (Diender et al., 2016a), 
which produces acetate besides methane, and the CO-adapted acetogen 
Thermoanaerobacter kivui (Weghoff and Müller, 2016).  
It has been shown that carboxidotrophic hydrogenogens have CO-tolerant 
hydrogenases (Fox et al., 1996) (studied in Chapter 7) but the presence of these CO-
tolerant hydrogenases enzymes in methanogens and acetogens remains to be elucidated 
(Weghoff and Müller, 2016). Preferential utilization of CO compared to H2 was observed 
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in Eubacterium limosum cultures containing both substrates. CO inhibited hydrogenases, 
and H2 uptake is low until CO is <5% of the gas phase (Sharak Genthner and Bryant, 
1982). CO:H2 conversion to acetyl-CoA and its derivatives has not been deeply explored 
and deserves more research attention as it might be a W-L pathway alternative when CO2 
is limited. This autotrophy is explored in Chapters 4-5. 
Autotrophic growth on CO:CO2  
In autotrophic growth on CO:CO2, the two molecules of CO2 that are reduced to acetate 
in the W-L pathway can be derived from either exogenous CO2 or from CO oxidation by 
CODH. CO oxidation generates the required reducing equivalents; hence, no external 
electron source such as H2 is needed. Since CO can be directly incorporated in the 
carbonyl branch of the W-L pathway, varying the partial pressure of CO2 (PCO2) relative 
to that of CO (PCO) significantly affects cell growth and end-product formation (Hurst 
and Lewis, 2010). As observed in experiments with the hydrogenogen Carboxydothermus 
hydrogenoformans growing with CO in serum bottles with a CO2 trap, CO2 affected 
growth, as it is an intermediate in carbon assimilation through the W-L pathway; CO2 
accumulation lead to a shift in the metabolism of the hydrogenogen, from 
hydrogenogenic to acetogenic (Henstra and Stams, 2011). Similarly, an increase in the 
acetate production rate and yield was observed with the addition of CO2 to CO 
fermentation in cultures of Butyribacterium methylotrophicum (Heiskanen et al., 2007). 
The effects of adding CO2 to CO fermentation are investigated in Chapters 4-5. 
Increasing the PCO and CO/CO2 ratio during CO fermentation by the ethanol-
producer Clostridium carboxidivorans P7 resulted in increased average cell concentration 
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and increased ethanol/acetate ratio (Hurst and Lewis, 2010). Increased syngas pressure 
promoted ethanol production in Clostridium ljungdahlii (Younesi et al., 2005). Increased 
PCO or amount of CO fed, increased CO/CO2 ratios and syngas pressure promoted ethanol 
production, possibly because of a more strongly reduced environment created by CO 
and/or H2. Solventogenic reactions play a role in maintaining the redox balance. As seen 
in equations 2-4 vs. 9-11 (Table 2.1), ethanol production requires more electrons as CO 
and H2 than acetate production. The hypothesis of increased ethanol production in a more 
reduced environment is studied in Chapter 5. 
Typically, when growing on CO:CO2, the maximum tolerated CO concentrations 
by carboxidotrophs are higher (in the range of 30% to 90% CO in the gas phase) than in 
growth with CO as sole carbon and energy source. Results from several studies on 
carboxidotrophy have suggested that inhibition by high CO concentrations is relieved 
with external CO2. Under certain conditions, Clostridium carboxidivorans does not grow 
with CO in the absence of CO2 (Rajagopalan et al., 2002). Increased CO2 availability in 
HCO3−/CO2 medium enhances growth kinetics of CO-adapted cultures of Eubacterium 
limosum growing on CO:CO2 to a 7-h doubling time, which is very similar to that under 
H2:CO2 (Sharak Genthner and Bryant, 1982). Similarly, studies with Moorella 
thermoautotrophica growing at varying CO/CO2 ratios showed that CO is inhibitory in 
the absence of sufficient initial CO2 relative to CO; likewise, growth of this acetogens is 
inhibited at high levels of CO2 compared to CO. It is possible that the latter scenario 
might impair the reversible oxidation of CO, causing partial uncoupling of CO energy 
conservation (Savage et al., 1987). The inhibition of CO metabolism -by a 
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hydrogenogenic carboxidotroph- at CO2 partial pressures above 0.3 atm is discussed in 
Chapter 5.  
Experiments with CODHs from the thermophilic hydrogenogen 
Carboxydothermus hydrogenoformans revealed a dependence of the rates of CO 
oxidation and CO2 reduction on CO/CO2 ratio, CO concentration, and medium pH. 
Increasing the pH, from acidic to neutral, favored the CO oxidation relative to CO2 
reduction (Parkin et al., 2007). CO and CO2 compete for the active site of the CODH 
enzyme, where the reversible oxidation of CO takes place (Lindahl, 2002). The affinity of 
CODH for CO and CO2 might vary among carboxidotrophs; therefore, an optimal 
CO/CO2 ratio for all carboxidotrophs is difficult to define. Tests should be performed for 
each species in order to define optimal CO/CO2 for increased cell and desired product 
yields. Autotrophy on CO:CO2 is explored in Chapters 4-5. 
Autotrophic growth on CO:H2:CO2  
A combination of reactions can occur when a CO-rich mixture with H2 and CO2 (e.g., 
syngas) is utilized for growth by microorganisms with the W-L pathway. Electrons with a 
sufficiently low redox potential for the reduction of CO2 to acetate can be derived from 
H2 and/or CO. The methyl group of acetyl-CoA can come from CO2 in the growth 
medium or that generated from CO by the CODH enzyme. CO also can be directly 
incorporated into the carbonyl group of acetyl-CoA by CODH/ACS after competing with 
CO2 for the active site in CODH (Henstra et al., 2007; Martin et al., 1985). The possible 
reactions for acetogens growing with CO and/or H2 and/or CO2 are shown in Figure 2.1, 
and the stoichiometric reactions are in its Box 4. Which reactions occur depends on 
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substrate concentrations, the thermodynamic feasibility under the environmental 
conditions, and the affinity of the enzymes (CODH, ACS, and hydrogenases) to the 
substrates. Autotrophy on CO:CO2:H2 is explored in Chapters 4-5. 
Of particular interest for biotechnology applications is the use of syngas, 
consisting predominantly of CO, CO2, and/or H2 with traces of CH4, water vapor, light 
hydrocarbons (ethane, ethene) and H2S.  Syngas is produced through the gasification of 
non-edible carbon-rich feedstock such as coal and biomass wastes (e.g., lignocellulosic 
biomass, sewage sludge, mixed plastic waste, paper mill waste, forest industry waste, and 
agricultural residues) (Ciferno and Marano, 2002; Munasinghe and Khanal, 2012). 
Syngas fermentation is a promising process for the conversion of recalcitrant biomass and 
wastes into useful chemicals. Biomass that is difficult and/or slowly biodegradable can be 
gasified to produce syngas followed by its microbial conversion into liquid fuels (e.g., 
methanol, ethanol, butanol), commodity chemicals (e.g., acetate, butyrate, formate), or its 
upgrade to higher percentage of gas fuels (e.g., CH4, H2), which have higher volumetric 
energy density.  
The type of feedstock and the conditions of the gasification process (gasifier type, 
temperature, pressure) determine the syngas composition, including the PCO and 
CO/CO2/H2 ratios (A. V. Bridgwater, 1995; Ciferno and Marano, 2002). Hence, syngas 
conversion efficiencies and product yields vary among carboxidotrophs and depend on 
the syngas composition. In the last years, research efforts have focused on optimizing 
syngas conversion to alcohols by Clostridium spp.. Efforts include optimization of the 
growth medium and nutrient requirements (Kundiyana et al., 2011; Liu et al., 2014a; 
Maddipati et al., 2011; Phillips et al., 2015; Saxena and Tanner, 2011) and CO and 
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syngas mass transfer (Devarapalli et al., 2016; Kundiyana et al., 2010; Munasinghe and 
Khanal, 2012; Shen et al., 2017; Yasin et al., 2014), as well as metabolism and gene 
expression studies for genetic engineering (Bengelsdorf et al., 2016; Berzin et al., 2012; 
H. Richter et al., 2016; Ukpong et al., 2012). According to these studies, nutrient 
limitation (e.g., N sources), acidic pH (or acidification), addition of reducing agents, and 
increased PCO (and dissolved CO) are some promoters of alcohol production in 
carboxidotrophic acetogens. The effect of an increased supply of electron donor (H2 or 
CO) (increased availability of electrons) on ethanol production is discussed in Chapters 
4 and 5. 
Despite the attempts for commercialization of syngas fermentation process for the 
production of ethanol and other valuable chemicals by several companies (e.g., 
LanzaTech, Coskata Inc., INEOS Bio), we are far from understanding the metabolic 
processes involved in CO and syngas fermentation. After more than 30 years of research, 
many challenges in syngas fermentation still exist. These include the maintenance of high 
product yields and dilute concentration of desired products and the relatively high 
recovery costs (Vasudevan et al., 2014; Vega et al., 1989b). Keeping desired products 
ratios (e.g., high acetate/ethanol, H2/CH4 ratios) is a challenge when the composition of 
syngas is not constant (due to changes in the gasification process). As discussed, PCO and 
CO/CO2/H2 ratios, besides other environmental factors and syngas components, affect the 
metabolism of carboxidotrophs and products distribution. Syngas composition might 
affect alcohol production because an excess of electrons (as CO and H2) will favor 
solventogenesis over acetogenesis (hypothesis tested in Chapter 5). Moreover, not all 
microorganisms consume CO along with H2 and/or CO2. Accordingly, sustainable syngas 
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conversion poses the challenges of (i) finding adequate microbial catalysts that grow 
under high PCO and consume CO along with other syngas components, and (ii) keeping 
an optimal syngas composition in order to assure CO, H2, and CO2 conversion to the 
desired product(s). In addition, it is important to identify the growth requirements and 
optimum environmental conditions of each carboxidotroph (need for organic co-
substrates, optimal pH and temperature, highest PCO/dissolved concentrations tolerated, 
optimal CO/CO2 and CO/H2 ratios) to maximize its CO-converting capabilities. 
Throughout this dissertation I identify microorganisms involved in CO and syngas 
conversion to useful products. In Chapters 4-6, I study the effects of syngas components 
on microbial metabolism with the objective of expanding our understanding of CO and 
syngas metabolism.  In Chapter 7, I describe the optimum environmental conditions for 
CO conversion to H2 by a novel and promising carboxidotroph. 
Mixed cultures for CO and syngas fermentation 
As mentioned in the previous section, variations in syngas composition and 
environmental conditions significantly change growth rates and product distribution or 
specificity in many carboxidotrophs. The effects of these variations on mixed cultures 
have been less explored (Nam et al., 2016; Pakshirajan and Mal, 2013). The sole study 
that investigated the effects of increased PCO and PCO2 on acetate production by a mixed 
culture reported rises in acetate production yield and rate at increased PCO2 and decreased 
PCO (Nam et al., 2016). The use of mixed cultures for CO and syngas fermentation is 
promising since complex microbial communities have higher flexibility to changes in 
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environmental conditions (Marshall et al., 2013), and therefore, might be more stable 
under syngas and environmental variations. This may enhance continuous production of 
desired products at constant concentrations, facilitating product recovery. In addition, 
complex microbial communities might work together to withstand CO toxicity while 
consuming all substrates. This dissertation explores the use of mixed cultures for 
CO/syngas fermentation and provides evidence for the advantages of using mixed 
communities (over pure strains) for the production of biofuels, biofuel precursors, and 
other useful chemicals (Chapters 4-6). 
Besides H2, CH4, acetate, and ethanol production, mixed cultures might be used to 
generate caproate, caprylate and other medium chain fatty acids (MCFA) along with their 
corresponding alcohols (hexanol, heptanol, octanol) via chain elongation from acetate 
and ethanol produced from CO and syngas (Ganigué et al., 2016; Vasudevan et al., 2014) 
or via biocatalytic conversion of carboxylic acids into higher alcohols (Liu et al., 2014b). 
The only carboxidotroph known to produce hexanol directly from CO in an optimized 
medium is C. carboxidivorans (Phillips et al., 2015). However, co-cultures (Diender et 
al., 2016b; Liu et al., 2014b) and complex microbial communities have been shown to 
produce these biofuel precursors. In Chapter 6, I explore the use of mixed cultures for 
MCFA production and study the effect of PCO on methanogenesis, acidogenesis, and 
microbial communities. 
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Brighter future for carboxidotrophic microorganisms 
Many acetogens and other microorganisms with the W-L pathway are able to grow with 
CO as the sole energy source, but exhaustive analyses of carboxidotrophy are scarce. 
Since adaptation may be required to induce CO metabolism, short-term growth studies 
may not reveal carboxidotrophic capabilities (Weghoff and Müller, 2016). Based on our 
current understanding of carboxidotrophy, I expect that many microorganisms equipped 
with the W-L pathway can eventually metabolize CO after an adaptation period. Thus, 
thorough testing for CO adaptation may be a key step in the search of carboxidotrophs. 
After almost four decades of carboxidotrophic research, we are convinced that 
carboxidotrophs are important for cycling CO in the environment and in biotechnology 
applications. Research on CO metabolism is paving the way for the development of 
bioremediation schemes and for the sustainable production of biofuels and 
biotechnological and chemical feedstock from recalcitrant biomass and off-gases.  
 Syngas fermentation offers several advantages over the well-established chemical 
processes (e.g., Fischer-Tropsch synthesis, synthesis of oxygenates, carbonylation 
reactions, integrated gasification combined cycle). First, syngas fermentation is less 
costly as it operates under moderate temperature and pressure and does not require H2S 
removal. Second, CO2 scrubbing (Wender, 1996; Premium Engineering, 
http://www.premen.ru/en/content/-gasification/) is not necessary, since mixed cultures 
and several carboxidotrophs consume CO2 along H2 and CO.  In the chemical process, a 
fixed H2:CO is required; 2:1 and 3:1 are required ratios for the chemical production of 
methanol and CH4 respectively (Wender, 1996). Although fixed H2:CO and CO:CO2 
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ratios might also be required by pure cultures, they might not be needed in mixed culture 
syngas fermentation. In addition, manipulating the fermentation conditions can control 
product specificity in both pure and mixed cultures. These topics will be explored 
throughout this dissertation. 
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CHAPTER 3 Anaerobic carbon monoxide oxidizers from the seafloor, lakes, 
volcanic sediments, and high-pH sites 
Introduction 
Carbon monoxide (CO) is an important and regulated atmospheric pollutant (USEPA; 
https://www.epa.gov/co-pollution). Half of CO global emissions come from 
anthropogenic activity, including fossil fuel combustion (Khalil and Rasmussen, 1988; 
Logan et al., 1981). The other half is from natural oxidation of methane (CH4), other 
hydrocarbons, and vegetation, as well as oceanic and volcanic emanations (Ragsdale, 
2004; Swinnerton et al., 1970; Wardell et al., 2004). These processes account for the 
emission of more than 109 tons of CO annually (USEPA, 2000). Despite high global 
emissions, atmospheric CO levels remain low (0.06-0.20 ppm in the Northern 
Hemisphere and 0.03-0.065 ppm at the South Pole (IPCC, 2001; Khalil and Rasmussen, 
1988)). Two processes are responsible for maintaining these low atmospheric CO 
concentrations: reactivity of CO with the hydroxyl radical (OH−) in the atmosphere to 
produce H2 and CO2, and consumption of CO by microorganisms, molds and plants in 
soils and water (Feilberg et al., 2002; Inman et al., 1971).  
Carboxidotrophs are aerobic and anaerobic microorganisms capable of CO-
oxidation for energy conservation and growth. Aerobic carboxidotrophs have been 
primarily studied in soils (G. M. King, 1999), marine environments (Tolli et al., 2006), 
plant roots (King and Crosby, 2002), and volcanic deposits (Dunfield and King, 2004), 
and they are believed to play an important role in the carbon cycle of natural ecosystems. 
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Most of the aerobic carboxidotrophs identified are Proteobacteria from the Alpha, Beta, 
and Gamma clades (King, 2003; Tolli et al., 2006). These bacteria convert CO to CO2 
and biomass (King and Weber, 2007). 
Anaerobic carboxidotrophy is more complex than its aerobic counterpart. 
Anaerobic carboxidotrophs couple the oxidation of CO to various respiratory processes 
by linking the electron equivalents to the reduction of internal (respiration) and external 
electron acceptors (fermentation), such as protons (Hirsch, 1968), sulfate (Yagi, 1959), 
and CO2 (Diekert and Thauer, 1978). Accordingly, end products of anaerobic CO-
metabolism include H2, CH4, acetate, ethanol, butyrate, and other solvents and carboxylic 
acids (see Table 2.1). Besides being of great industrial and biotechnological interest, 
these products serve as substrate for diverse groups of microorganisms. Consequently, 
anaerobic carboxidotrophy is also of great ecological interest.  
Research on anaerobic CO-oxidation in nature has focused on exploring high-
temperature environments (Brady et al., 2015; Sokolova et al., 2009). Several bacteria 
(the majority Clostridia and Thermoanaerobacterales) and archaea (including 
Methanobacteria and Thermococci) have been isolated from geothermal springs and 
deep-sea hot vents (Brady et al., 2015; Sokolova et al., 2009), besides anaerobic sludge (J 
I Alves et al., 2013). Anaerobic CO-oxidizing metabolism in other natural environments 
has been overlooked. However, anaerobic carboxidotrophs might be present in a variety 
of psychrophilic and mesophilic natural environments where CO has been detected, such 
as seawaters (Conrad et al., 1982; Johnson and Bates, 1996; Swinnerton et al., 1970), 
fresh waters (Schmidt and Conrad, 1993), volcanic sediments (Dunfield and King, 2004; 
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Wardell et al., 2004), and environments with high carbonate content (pH > 10) (research 
from Dr. Everett Shock’s group).  
The objectives of this study were: i) to investigate possible anaerobic CO-
oxidation in samples collected from diverse natural environments where CO has been 
detected and/or where aerobic carboxidotrophs have been studied, ii) to identify 
anaerobic CO-tolerant and carboxidotrophic microorganisms in these environments, and 
iii) to compare the CO-enriched cultures from natural environments to those from 
anaerobic sludge, in terms of phylogeny and CO-consumption rates. For this, 10 samples 
were collected from: the seafloor, frozen lakes, volcanic sand, the Oman Semail 
Ophiolite (high-pH sites), and sewage sludge and were anaerobically enriched with CO, 
through serial transfers, at different CO partial pressures (PCO) and under different 
conditions (described in Figure 3.1), depending on the characteristics of the site and the 
CO consumption capability. 
Methodology 
Collection of samples 
Ten sediment samples were collected from different locations: 1) “Coral Reef” at 6 m 
deep on the seafloor of Maalaea Bay (20.763634, −156.495479) in Maui, Hawaii; 2) 
“Black sand” from volcanic sand (10 cm deep) on the east of the Maui Island (20.794805, 
−156.006849) in Hawaii; 3) “SD Bay” from the seafloor of San Diego Bay (>20 m deep) 
in the Pacific Ocean (sample provided by Dr. César I. Torres’ lab at ASU); 4) “Olds” 
from sediments in a frozen lake in Olds, Alberta Canada (51.730504, −114.151716); 5) 
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“Scott” from sediments in the Scott Lake (51.145861, −114.721443) in Alberta, Canada; 
6-9) four sediment samples (“Gas crack”, “Triangle”, “Stomp bubble”, and “Grey 
Sauce”) collected along the Oman Semail Ophiolite (samples provided by Dr. Everett 
Shock’s lab at ASU); and 10) “Sludge” from mesophilic sludge collected from a primary 
anaerobic digester at a wastewater treatment plant in Mesa, Arizona (33.43361111, 
−111.88055556). Samples “Coral reef”, “Black sand”, “Olds”, and “Scott” were collected 
using sterile 50-mL Falcon tubes that were tightly capped to minimize O2 intrusion. 
Samples were sealed in zip lock bags, packed in boxes, and shipped to our laboratory 
facilities. Upon arrival, sediments were stored at –4 °C until inoculation. Anaerobic 
mesophilic sludge was collected with a 1L-container and was used immediately upon 
arrival to the laboratory. 
Enrichment with CO and isolation of single colonies 
The enrichment process of the sediments with CO, through serial transfers, was 
performed as summarized in Figure 3.1. Enrichment cultures consisted of 50 mL 
medium in 160 mL glass serum bottles capped with butyl stoppers and sealed with 
aluminum crimps. Phosphate-buffered medium was used in samples collected from 
Canada, USA, and Oman (summarized in Table 3.1), since phosphate salts (Na2HPO4, 
KH2PO4) have strong buffering capacity at pH 7.2 and 12 (Stoll and Blanchard, 1990). 
Samples from Hawaii were grown in carbonate-buffered medium, since preliminary tests 
showed more growth in this medium compared to growth in phosphate-buffered medium. 
For transfer 4 (T4) of “Gas crack” (see Figure 3.1), phosphate-buffered and non-buffer 
media were used, in order to compare CO-metabolism and microbial community 
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Figure 3.1. CO-enrichment process of sediment samples collected from diverse natural locations 
and wastewater sludge. Main inorganic (CO or CO:CO2) and organic (yeast extract, glucose, 
fructose) substrates, and other environmental conditions (i.e., pH, buffer, temperature, and 
incubation time) of the serial transfers are indicated for each set of samples.  
Note: PCO was increased during the CO-enrichment process if CO-consumption was observed, but decreased if 
the microbial activity was inhibited. T: serial transfer. PCO: CO partial pressure. PCO2: CO2 partial pressure.
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structures under both media; transfers T4a and T4b, respectively. The compositions of 
phosphate- and bicarbonate-buffered media were similar to those described in Delgado et 
al., 2012 and Miceli et al., 2014, except that FeCl2 and Na2SO4 were not added (source of 
Fe was FeSO4), and the trace mineral solution was ATCC Trace Mineral Supplement 
(catalog no. MD-TMS). Non buffered-medium was similar to phosphate-buffered 
medium in composition except that no phosphate salts were added. A 0.1% solution of 
resazurin was used as redox indicator (5 × 10−5 % w v−1, final concentration). After 
autoclaving at 121 °C for 1 h, media were reduced with L-cysteine and Na2S to reach a 
final concentration of 0.3–0.5 mM and 0.1–0.3 mM, respectively. 100 µL of filtered-
sterilized Wolfe’s vitamin solution (1X) were used to support bacterial growth (0.01 % v 
v−1). Four to five serial transfers (in duplicates) were performed to each culture to enrich 
for anaerobic carboxidotrophs. 1–5 g of sediments were used in the first serial transfers. 
For the subsequent enrichments (or transfers), only 0.05–0.1 mL of the previous transfer 
were used as inoculum in order to avoid carry over of organic matter. Yeast extract was 
used as additional substrate to CO in most of the transfers, except those of  “Sludge” and 
T5 of “SD Bay”, “Scott”, and “Olds”, where an organic source was not required to build 
biomass for CO-consumption. Glucose and fructose (0.02 – 0.1 mM) were also added to 
enrichments at high pH to promote growth. The PCO was increased during the CO-
enrichment process if CO-consumption was observed, but decreased if the microbial 
activity was inhibited. Cultures from Hawaii, Arizona, and Oman were incubated at 30 
°C. Cultures from California and Alberta were incubated at room temperature (22 °C) 
(see Figure 3.1), which is higher than the temperature in the environments where the 
samples where collected, in order to enhance CO-metabolism. All cultures were 
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horizontally shaken at 125 rpm (Incubated/Refrigerated shaker MaxQ 600, Thermo 
Scientific) to increase the gas-liquid interface area (46.7 cm2).  
When several microorganisms were detected in the last serial transfer made (i.e., 
CO-enrichment culture), 50 µL culture was plated in anaerobic buffered media with 1.5% 
bacteriological agar. Plates were incubated in an anaerobic jar with 80–100% CO 
atmosphere. No organic substrates were added to the plates. Single colonies were picked 
from the plates in an anaerobic glovebox (Coy, Michigan, USA) and were grown with 
CO (Figure 3.1) in 25 mL glass serum bottles with 10 mL anaerobic phosphate buffered 
medium (described in the previous section). Where indicated, cultures inoculated with 
single colonies (“cultured single colonies”) were re-plated, and new colonies were picked 
and grown under similar conditions, for purification. 
CO-consumption assessment and other chemical analyses 
Gas samples (200 µL) were withdrawn with a 500 µL gas-tight syringe (Hamilton 
Company, Reno, Nevada) from the headspace, after letting the serum bottles reach room 
temperature. Quantification of CO, H2, and CO2 in the samples was done via gas 
chromatography using a gas chromatograph (GC 2010, Shimadzu) equipped with a 
thermal conductivity detector (TCD) and a fused silica capillary column (CarboxenTM 
1010 PLOT, Supelco).  Argon was the carrier gas supplied at a constant flow rate of 7 
mL min−1. The temperature profile of the column was 35 °C for 3.5 minutes, then an 
increase of 10 °C every minute for 10.5 minutes. The temperature of the injection port 
and detector was 180 °C. Partial pressures (P) were determined with Dalton’s Law of 
partial pressures: P = % gas in headspace (estimated through gas chromatography) × total 
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pressure in the serum bottle (measured with an electronic gauge manometer). CO 
dissolved concentrations were estimated with Henry’s law using the PCO and the 
equilibrium constant for CO and water at 30 °C (1046.12 atm L mole-1) (Hobler, 1966). 
CO consumption [µmol] was estimated from the CO gas concentrations and headspace 
volumes (CO consumed [mL] = COinitial [%/100] × headspaceinitial [mL] – COfinal [%/100] 
× headspacefinal [mL]), and the total initial and final pressure in the serum bottles, using 
the ideal gas law equation (PV=nRT). Averaged CO consumption rates [µmol L−1 d−1] 
were estimated by diving the amount of CO consumed by the time of cultivation and the 
liquid volume of the culture. 
Liquid samples (1.5 mL) were withdrawn from each serial transfer (or 1.0 mL 
from cultured single colonies) and centrifuged at 16.1 rcf (13,200 rpm) for 15-20 minutes 
using a benchtop micro-centrifuge 5415 D (Eppendorf, Hauppauge, NY) to pellet 
microbial biomass. The supernatant of the pelleted samples was filtered through a 0.2 µm 
membrane filter for high performance liquid chromatography (HPLC) analyses of organic 
acids and alcohols. The HPLC (LC-20AT, Shimadzu) was equipped with an Aminex 
HPX- 87H (Bio-Rad) column maintained at 50 °C. A photodiode array and a refractive 
index detector were used to detect fatty acids and alcohols, respectively. 2.5mM sulfuric 
acid was the eluent at a flow rate of 0.6 mL/min (~47.6 atm column pressure). Calibration 
curves for acetate, ethanol, and formate were made from 0.1 mM to 10 mM. Detection 
limits for fatty acids and ethanol measured were 0.1 mM. pH values were measured with 
a pH Benchtop Meter (Thermo Scientific, #9142BN). Organic matter was estimated by 
quantifying the chemical oxygen demand (COD) in 2 mL samples with COD vial tests 
(Hach, LR and HR TNTplus vial tests).  
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DNA extraction and microbial community structure analysis  
Samples for microbial community structure analyses were collected from the last CO-
enrichment (i.e., last serial transfer) on the last day of incubation indicated on Figure 3.1. 
Pellets (stored at – 80 °C) from duplicate transfers were thawed and combined to increase 
total biomass and DNA yield. DNA was extracted using a ZYMO RESEARCH Quick-
DNA Universal TM kit following the manufacturer’s instructions. 16S rRNA gene 
amplicons were sequenced using the Illumina MiSeq platform at the Microbiome 
Analysis Laboratory (http://krajmalnik.environmentalbiotechnology.org/microbiome-
lab.html, Arizona State University, Tempe) using the protocols from the Earth 
Microbiome Project (http://www.earthmicrobiome.org). Primers used (515F and 806R) 
capture Bacteria and Archaea (Caporaso et al., 2012; Gilbert et al., 2014). Forward and 
reverse sequences (2x150 bp) were paired using PANDASeq, with a minimum overlap of 
45 bp (Masella et al., 2012). The average length of reads after overlap was 253 bp. 
Quality filtering of the paired sequences and upstream analysis were performed using the 
QIIME 1.9.0 pipeline (J Gregory Caporaso et al., 2010), following the recommendations 
given in (Navas-Molina et al., 2013). Briefly, sequences were clustered into Operational 
Taxonomic Units (OTU) at 97% similarity with the open reference approach. The final 
OTU table excluded clusters with less than 2 sequences (singletons) and sequences that 
failed the alignment (J. Gregory Caporaso et al., 2010). The average number of high-
quality reads per sample was 34,071 ± 10,670 (min: 16,083, max: 50,161).  
Species diversity within samples (α diversity) was calculated by estimating the 
diversity metrics phylogenetic distance (PD) whole tree and observed species  
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(Kuczynski et al., 2011), using the QIIME 1.9.0 pipeline (J Gregory Caporaso et al., 
2010).  For this, the OTU table was multiple-rarefied at a depth of 1,617 sequences per 
sample in 10 replicates, and rarefaction measures were analyzed such the sequence 
numbers per sample were equal (16,080 sequences per sample). Microbial diversity 
among samples  (β diversity) was estimated using UniFrac distances between samples 
(Lozupone et al., 2006). β diversity was examined through principal coordinate analysis 
(PCoA), visualized using the Emperor 3D viewer (Vázquez-Baeza et al., 2013). 
Results and Discussion 
Carboxidotrophs were enriched from natural environments with high phylogenetic 
diversity 
Table 3.1 summarizes important characteristics (i.e., location, main taxa identified, and α 
[alpha] diversity) of the inocula used in this study, as well as the main results of the CO-
enrichment process. Anaerobic carboxidotrophs were present in 6 of the 9 natural sites 
explored. The diversity of the sites (i.e., α diversity) that did not show carboxidotrophic 
activity was lower than the diversity of the sites that harbored anaerobic carboxidotrophs; 
Phylogenetic diversity (PD) whole tree values of sites harboring carboxidotrophs: 24.9 – 
186.0 vs. 11.5 – 22.6 of sites where carboxidotrophs were not detected. Observed 
operational taxonomic units (OTUs) in sites harboring carboxidotrophs:  255 – 3587 vs. 
176 – 464 in sites where carboxidotrophs were not detected. Accordingly, 
carboxidotrophs were present in samples that harbored a wide variety of microorganisms 
from different taxa (i.e., phylogenetic diversity). A possible explanation is that 
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carboxidotrophs work in syntrophy with other microorganisms not tolerant to CO by 
reducing CO concentrations and producing substrates for their metabolism. Moreover, 
samples with low phylogenetic diversity only harbor certain types of microorgarnisms 
that may not include CO oxidizers.  The samples where carboxidotrophs were not found 
include 3 of the 4 high-pH sites. Although acetate and methane were detected in serial 
transfer #3 (T3; PCO = 0.2 atm, 0.1 mM hexoses, and 0.01% (w/v) yeast extract) of all 
high-pH enrichments, no microbial activity was detected in T4 (PCO = 0.13 atm, 0.02 mM 
hexoses, and 0.01% (w/v) yeast extract), excepting in “Gas crack”. These results indicate 
that succesive transfers (0.1 – 0.2 %) and addition of CO did not select for CO-tolerant or 
carboxidotrophic microorganisms in the high-pH samples where the initial number of 
OTUs and the phylogenetic diversity were low.  
Table 3.1. Main characteristics of the samples studied and the CO-enrichment cultures 
 
 U_: Unidentified phylotype within the taxanomic order 
52 
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Acetate was the main end product in CO-enriched cultures from natural environments 
In all CO-enriched cultures, anaerobic CO oxidation was most probably coupled to the 
Wood-Ljungdahl pathway (Ragsdale, 2004), since acetate was the main end-product (0.1 
– 3 mM), regardless of the inoculum, CO and CO2 partial pressures, temperature, pH, 
buffer, or type of growth (mixotrophic vs. autotrophic) (the culture conditions are 
summarized in Figure 3.1). Formate was also detected (0.1 – 0.5 mM) in the enrichments 
“Scott” (lake sediment), “SD Bay” (seafloor), and “Gas crack” (high-pH site). 
Furthermore, ethanol (1.1 – 1.6 mM) was detected in the enrichments “Coral reef” 
(seafloor) and “Black sand” (volcanic site), both cultured with CO, CO2, and yeast 
extract. Main dissolved metabolites produced by the CO-enriched cultures (normalized 
by substrate consumed) are presented in Figure 3.2. H2 and CO2 were detected (up to 
1%) in all cultures. 
The CO-enriched cultures consumed CO under anaerobic conditions at rates of 3 
– 95 µmol CO L−1 d−1 (approximately 0.06 – 1.8 µmol CO mg protein−1 day−1, assuming 
20 % of the electrons in substrate were used for biomass production (Rittmann and 
McCarty, 2001) and that 25% of biomass is protein (Hattingh et al., 1967)). Comparably, 
some aerobic CO oxidizers consume CO at rates of 5 – 86 µmol CO mg protein−1 d−1 
(King, 2003). Despite relatively low CO-consumption rates, cultures enriched with CO 
grew in artificial environments with CO concentrations at least 3 orders of magnitude 
higher (110 – 930 µM; 0.12 – 0.97 atm) than in their natural environment (~0.004 – 0.186 
µM). Therefore, in this study, carboxidotrophs highly resistant to CO were enriched, 
and/or microorganisms were adapted to grow under high PCO after long-term exposure to 
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this gas, as has been observed with several anaerobic carboxidotrophs (Kerby and Zeikus, 
1983; S. H. Lee et al., 2016; Lynd et al., 1982; Weghoff and Müller, 2016).  
 
Figure 3.2. Acetate, formate, and ethanol produced (e− eq.) per substrate (CO and/or organic 
substrates) consumed (e− eq.) and total CO consumed in the CO-enrichments (last serial transfer) 
cultured under the conditions summarized in Figure 3.1. 
e− eq.: electron equivalents (e− eq. per mole: CO and formate, 2; acetate, 8; ethanol, 12. Chemical 
oxygen demand (organic matter): 1/8 e− eq. per gram). 
Bacteria within the Clostridia class and the Enterobacteriales order were enriched in 
the presence of CO  
The microbial community structures of the 9 inocula (from natural sites) and the CO-
enriched cultures (last serial transfer) are presented in Figures 3.3-3.5. Figure 3.3 
comprises samples from the seafloor and volcanic sand and the corresponding CO-
enrichments cultured at 30 °C and pH ~7.5 with CO, CO2, and yeast extract (mixotrophic 
growth). Although Clostridia phylotypes represented less than 0.1% of the phylotypes 
detected in “Coral reef” (seafloor sample), the microorganisms enriched in the CO-
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enrichments T4a (PCO = 0.47 atm, PCO2 = 0.17 atm) and T4b (PCO = 0.94 atm, PCO2 = 0.04 
atm) were bacteria associated with the class Clostridia, specifically with the order 
Clostridiales (Clostridium, Lachnospiraceae, and Peptostreptococcaceae). This order 
comprises most of the known mesophilic anaerobic carboxidotrophs, including several 
Acetobacterium (Esquivel-Elizondo et al., 2017; Kotsyurbenko et al., 1995; Sharak-
Genthner and Bryant, 1987; Traunecker et al., 1991) and Clostridium species. (Liou et 
al., 2005; Lux and Drake, 1992a; Tanner et al., 1993). As seen in panel B, the sample 
“Black sand” (volcanic sand) was rich in Clostridia and Proteobacteria phylotypes 
(represented in different shades of purple and green, respectively, in the figures). After 3 
serial transfers, the microbial community structure in T3 (PCO = 0.3 atm, PCO2 = 0.15 atm) 
was still similar to the inoculum, and by T4a-b Clostridia and Enterobacteriaceae 
(Gammaproteobacteria) phylotypes comprised more than 95% of the detected 
phylotypes. After plating T4a with CO as the sole substrate and purifying a single colony, 
the selected microorganism was associated with the family Clostridiaceae. 
Figure 3.4 shows the main phylotypes detected in samples “SD Bay”, from the 
seafloor, and “Scott” and “Olds”, from lake sediments, as well as the corresponding CO-
enrichments cultured at 22 °C and pH ~7.2. These enrichments were capable of growing 
with CO as sole carbon and energy source (at PCO = 0.35 atm, 0.33 mM), and therefore, 
no organic substrate was added by T5. Similar to the mixotrophic CO-enrichments “Coral 
reef” and “Black sand”, enrichments cultured autotrophically with CO selected for 
Clostridiales or Enterobacteriales. Lachnospiraceae (within Clostridiales) were the main 
phylotypes detected in the CO-enrichments “SD Bay” and “Olds”, whereas Citrobacter 
and other Enterobacteriales were selected in the “Scott” CO-enrichment. Citrobacter 
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amalonaticus Y19 is one of the five Proteobacteria (and the sole 
Gammaproteobacterium) known to anaerobically metabolize CO (Jung et al., 1999b). 
These Proteobacteria have been reported to produce H2 from CO through the water gas 
shift reaction (CO + H2O à H2 + CO2) (Ensign and Luddens, Paul, 1991; Esquivel-
Elizondo et al., 2017; Jung et al., 1999b; Kerby et al., 1995; Uffen, 1976). 
Other Clostridia were selected in the CO-enrichments cultured mixotrophically at 
high pH (11.5), and 30 °C. Figure 3.5 shows that the buffer (phosphate) was important in 
crafting the community structure of the CO-enrichments. While Alkaliphilus were 
selected in T4a (in phosphate-buffered medium, PCO = 0.13 atm), 
Thermoanaerobacterales were the main phylotypes detected in T4b (in similar medium 
but not buffered, PCO = 0.13 atm). PCO in these cultures were lower than the other CO-
enrichments, since higher PCO considerably inhibited the microbial activity in these 
samples. Several Moorella spp., within the Thermoanaerobacterales, have been reported 
to produce acetate from CO under thermophilic conditions and at neutral pH (Daniel et 
al., 1990; Savage et al., 1987). Methanogenic archaea are sensitive to high CO 
concentrations and only a few species have shown carboxidotrophy, including the 
Methanobacteria Methanothermobacter thermoautotrophicus and M. marburgensis 
(Daniels et al., 1977; Diender et al., 2016a). Methanobacteria were highly abundant 
(46.5%) in the high-pH sample “Gas crack”, but were not selected by T4a-b (methane 
production was also not detected), suggesting the inhibition of the hyper-alkaliphiles by 
CO.  
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Figure 3.3. Phylotypes detected in the inocula and the CO-enrichments cultured at 30 °C and pH 
~7.5 from sites A) “Coral reef” (seafloor) and B) “Black sand” (volcanic site), from Maui, 
Hawaii. 
Note: The CO partial pressure of the CO-enriched cultures is shown in parentheses. Phylotypes 
are presented at class and genus levels to indicate the main phylotypes in the inoculum and the 
specific phylotypes enriched with CO. The arrows indicate the class level of the phylotypes at 
genus level. CSC: cultured single colony. U_: unidentified phylotype within the indicated 
taxonomic level. T: serial transfer, as shown in Figure 3.1. 
 
 
A 
B 
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Figure 3.4.  Phylotypes detected in the inocula and the CO-enrichments cultured at 22 °C and pH 
7.2 from sites A) “SD Bay” (seafloor) from San Diego, USA, and B) “Scott” (lake sediment) and 
C) “Olds” (lake sediment) from Alberta, Canada.  
Note: The CO partial pressure of the CO-enrichment culture is shown in parentheses. Phylotypes 
are presented at class and genus levels to indicate the main phylotypes in the inoculum and the 
specific phylotypes enriched with CO. The arrows indicate the class level of the phylotypes at 
genus level. U_: unidentified phylotype within the indicated taxonomic level. T: serial transfer, as 
shown in Figure 3.1. 
A 
B 
C 
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Figure 3.5. Phylotypes detected in A) the inoculum and the CO-enrichments cultured at 30 °C 
and pH 11.5 from “Gas crack” (high-pH site), and B) other high-pH samples (at class level) also 
collected at the Oman Semail Ophiolite where carboxidotrophs were not enriched. 
Note: The CO partial pressure of the CO-enrichment culture is shown in parentheses. Phylotypes 
are represented at class and genus levels to indicate the main phylotypes in the inoculum and the 
specific phylotypes enriched with CO. The arrows indicate the class level of the phylotypes at 
genus level. T: serial transfer, as shown in Figure 3.1. U_: unidentified phylotype within the 
indicated taxonomic level. a & b: CO-enrichments in buffered and non buffered media, 
respectively. 
 
A 
B 
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CO-enriched cultures from sewage sludge were more diverse and consumed more CO  
Carboxidotrophs have been commonly enriched from anaerobic sludge (Jing et al., 2017), 
a highly diverse inoculum. Similarly, only natural sources with the highest diversity 
harbored carboxidotrophs. I enriched sewage sludge (collected at a wastewater treatment 
plant) with CO in a similar way to the other cultures, in order to compare the resulting 
CO-enriched cultures to those obtained from natural environments. First, the microbial 
community structures of sewage sludge and the natural sites were analyzed using 
principle coordinate analysis based on UniFrac, a distance metric used to compare 
microbial communities (Lozupone et al., 2006).  The results of these analyses are 
presented in Figure 3.6. In the unweighted analysis, which only considers the phylogeny 
in the sample and not the relative abundance, similar samples clustered together; samples 
from the seafloor (from California and Hawaii) were more closer to each other than to the 
4 high-pH sites (from Oman), which also clustered together. This indicates that although 
relative abundance of the identified phylotypes might have been different, similar sites 
(seafloor, lake sediments, and high pH sites) shared similar taxa. Correspondingly, the 
diversity of sewage sludge, an anthropogenic site, was different to all other samples. 
“Sludge” was serially enriched with CO as sole substrate. Addition of yeast 
extract or other organics was not necessary to promote CO-consumption. The CO-
enriched culture produced acetate, formate, propionate, butyrate, and methane. As seen in 
Figure 3.7, other classes besides Clostridia, were enriched with CO, including 
Methanobacteria, and Alpha and Deltaproteobacteria.  After plating T5 with CO as sole 
substrate, the selected microorganisms were associated with the genera Acetobacterium 
(93%), Desulfovibrio (4%), and Methanobacterium (3%). 
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Weighted Unweighted 
  
Figure 3.6. Principal coordinate analyses (weighted and unweighted) of microbial diversity 
among samples (i.e., β diversity). 
Notes: The first principal component (PC1) axis explains the maximum amount of phylogenetic 
variation present in the samples, followed by the second and the third axes (PC2 and PC3). 
Accordingly, the weighted and unweighted analysis captured 74.7 % and 52 % of the 
phylogenetic variability, respectively. 
 
Figure 3.7. Phylotypes detected in the sample “Sludge” and the CO-enrichments cultured at 30 
°C and pH 7.2. The inoculum was collected at a wastewater treatment plant in Arizona, USA. 
Note: The CO partial pressure of the CO-enrichment culture is shown in parentheses. Phylotypes 
are presented at class and genus levels to indicate the main phylotypes in the inoculum and the 
specific phylotypes enriched with CO. The arrows indicate the class level of the phylotypes at 
genus level. CSC: cultured single colony. U_: unidentified phylotype within the indicated 
taxonomic level. T: serial transfer, as shown in Figure 3.1. 
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Besides, a wider variety of products and phylotypes, the CO-enriched culture 
from sludge consumed CO at rates of up to 3 orders of magnitude higher than CO-
enrichments from natural environments (Figure 3.8, Table 3.1). Lower rates by 
carboxidotrophs from natural environments could be due to lower CO concentrations in 
the environments where the samples were collected or because of a lack of functional 
redundancy. Averaged CO-concentrations at locations where the high-pH samples were 
collected (at the Oman Ophiolite) were 76.7 – 186 nM. CO concentrations in the Pacific 
Ocean at depths between 10 and 50 m are up to 4 nM (Johnson and Bates, 1996). 
Contrariwise, CO concentrations in anaerobic sludge digesters range up to 3 orders of 
magnitude higher (~30 – 300 µM) than in the described natural environments (Hickey et 
al., 1989), and therefore, carboxidotrophs from sludge could be naturally adapted to 
higher concentrations of CO. 
Figure 3.8. CO consumption by the CO-enriched cultures from natural environments and sludge 
(last serial transfer in Figure 3.1)  
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Conclusions 
I was able to enrich and select for CO-tolerant and carboxidotrophic microorganisms in 
samples collected from several natural environments (seawaters, fresh waters, volcanic 
sediments, and environments with high carbonate content [pH > 11]) and sewage sludge. 
The detection of carboxidotrophs in samples with relatively high phylogenetic diversity 
suggests that carboxidotrophs work in syntrophy with diverse microorganisms by 
reducing CO concentrations and generating useful metabolites. Although cultured at 
different PCO, temperature, pH, and under mixotrophic or autotrophic conditions, all CO-
enrichment cultures from natural sites produced acetate as main end product, suggesting 
the consumption of CO via the Wood-Ljungdahl pathway. CO-enrichments from sludge 
were more diverse; more microbial classes and end-products were detected. In addition, 
CO consumption by CO-enriched cultures from natural environments occurred at 
relatively low rates (up to 95 µmol CO L−1 day−1), compared to CO-enrichments obtained 
from sewage sludge (2988 ± 383 µmol CO L−1 day−1), an environment with higher CO 
concentrations than nature. CO concentrations (110–930 µM) tolerated by all CO-
enrichment cultures were at least 3 orders of magnitude higher than CO concentrations in 
their natural environments (up to 0.186 µM), suggesting the capability of carboxidotrophs 
to adapt to high CO concentrations. Results of this study show that, besides aerobic 
consumption of CO, anaerobic CO-oxidation is widespread in nature and might also be a 
key part of the carbon cycle in water bodies and other natural environments. 
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CHAPTER 4 Evolution of microbial communities growing with carbon monoxide, 
hydrogen, and carbon dioxide 
Since sewage sludge was found to be a good source of carboxidotrophs, I further 
enriched with CO the culture originated from sludge. This chapter describes the 
enrichment process and CO/syngas fermentation studies using this CO-enriched culture. 
This chapter is published in an altered format in FEMS Microbiology Ecology: 
Esquivel-Elizondo, S., Delgado, A. G., & Krajmalnik-Brown, R. 2017. Evolution of 
microbial communities growing with carbon monoxide, hydrogen, and carbon dioxide. 
https://doi.org/10.1093/femsec/fix076  
Introduction 
Carboxidotrophic microorganisms are capable of carbon monoxide (CO) oxidation for 
energy conservation and growth, despite the toxicity of this substrate. Microbial 
anaerobic conversion of CO leads to the production of important industrial products such 
as acetate and butyrate, along with biofuels, such as ethanol, butanol, H2, and methane 
(Grethlein et al., 1991; Luo et al., 2013; Vega et al., 1989a, 1989c). These products can 
be generated directly from CO or indirectly through the water gas shift reaction (Table 
2.1, equation 1). 
Besides CO, certain carboxidotrophs (e.g., carboxidotrophic methanogens and 
acetogens) also utilize H2 as an additional electron donor and CO2 as a carbon source (Hu 
et al., 2013; Hurst and Lewis, 2010; Savage et al., 1987; Sharak Genthner and Bryant, 
1982). Conversion of CO, CO2, and H2 (i.e., synthesis gas or syngas) to biofuels and 
chemicals is of particular interest for biotechnology applications as syngas is produced 
through the gasification of non-edible feedstock such as biomass and municipal solid 
wastes (Daniell et al., 2012). The type of feedstock used, in addition to the gasification 
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conditions, determines the gas composition, specifically the CO partial pressure (PCO) 
and the CO to CO2 and H2 ratios (A. V. V Bridgwater, 1995). PCO and CO/CO2 ratios 
have been reported to influence growth and metabolic function when fed to pure 
methanogen and acetogen cultures (Diender et al., 2016a; Hurst and Lewis, 2010; Rother 
and Metcalf, 2004). In addition to CO and CO2, H2 might also have an effect on CO 
metabolism. The acetogenic carboxidotroph Eubacterium limosum only consumed H2 
after the concentration of CO in the gas phase decreased to <5% (Sharak Genthner and 
Bryant, 1982). 
Carboxidotrophs have varying degrees of tolerance to CO. For example, 
Butyribacterium methylotrophicum (Lynd et al., 1982) and certain carboxidotrophic H2-
producers (Haddad et al., 2013; Sokolova et al., 2002) resist PCO ≥ 0.8 atm, while most 
carboxidotrophic methanogens are inhibited at such high PCO (Daniels et al., 1977; 
Diender et al., 2016a; Kluyver and Schnellen, 1947; O’ Brien et al., 1984). In addition, 
many anaerobic carboxidotrophs are slow growers and are initially inhibited by CO, 
requiring an adaptation period of weeks to months before they are able to metabolize CO 
(Lynd et al., 1982; O’ Brien et al., 1984; Oelgeschläger and Rother, 2008). 
Syngas fermentation technology has focused on the use of pure cultures. 
However, mixed cultures might be more suitable for industrial applications since they are 
more resilient and do not require bioreactor sterilization (Marshall et al., 2013). The 
effect of PCO (and dissolved CO concentrations) on CO metabolism and the associated 
microbial community structure in mixed cultures are still largely unknown. A few studies 
on this topic have reported enhancement of acetogenesis and inhibition of 
methanogenesis at PCO of ≤ 0.3 atm (Joana I. Alves et al., 2013; Guiot et al., 2011; Luo et 
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al., 2013), or higher, depending on the characteristics of the inoculum (Navarro et al., 
2016). However, the contribution of CO2 and H2 as additional carbon and electron 
sources to the structure of microbial communities, CO consumption, and product 
distribution (e.g., acetate to ethanol ratio) has not been elucidated. Understanding the 
effects of syngas concentration and components on CO metabolism is fundament 
knowledge necessary to develop novel applications for syngas conversion to biofuels and 
chemicals.  
The specific objectives of this study were i) to enrich for carboxidotrophs and/or 
to adapt microorganisms from anaerobic sludge to growth with CO, ii) to understand the 
effects of long-term incremental increases in PCO on the microbial community structure 
and function during a CO-enrichment process, iii) to assess how H2 and/or CO2/HCO3− 
influence CO metabolism and the microbial community structure, and iv) to identify 
carboxidotrophs in the CO-enrichment cultures. I hypothesized that, similar to metabolic 
changes observed in pure cultures, increases in PCO and the addition of CO2 and/or H2 to 
CO-fermentation influence the structure and function of mixed microbial communities. 
My findings bring insight into the interplay between the composition of syngas, microbial 
communities’ structure, novel carboxidotrophs, and CO-metabolic products relevant for 
biotechnology applications. 
Methodology 
Development of carboxidotrophic enrichment cultures 
The initial inoculum was anaerobic digester sludge obtained from the Northwest Water 
Reclamation Plant (NWWRP), Mesa, Arizona, USA (Parameswaran et al., 2009). Before 
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the enrichment process, fermentation of ethanol (10 mM) at different PCO (0, 0.08. 0.18, 
0.4 and 0.8 atm) by sludge not previously exposed to CO was examined. Each PCO was 
tested in triplicate serum bottles with reduced anaerobic medium buffered with phosphate 
(pH 7). The CO enrichment process was performed in serum bottles and is summarized in 
Figure 4.1. The first transfer (P-T1) was made in anaerobic medium buffered with 
phosphate after exposing the inoculum to a 100% CO atmosphere for 20 days, and then 
adjusting the CO concentration to 20% of the headspace (PCO = 0.2 atm). The subsequent 
three transfers at a PCO of 0.3 atm (0.29 mM) in phosphate-buffered medium (P-T2-P-T4) 
were made every four weeks.  
Selection cultures consisted of 50 mL medium in 160 mL glass serum bottles 
capped with butyl rubber stoppers and crimped with aluminum seals. The composition of 
medium buffered with phosphate was as described in Chapter 3. The medium was 
reduced with L-cysteine and Na2S to reach a final concentration of 0.4 mM and 0.2 mM, 
respectively. A 0.1% solution of resazurin was used as a redox indicator. 100 µL of 
vitamin supplement (1X) (Loffler et al., 2005) was added to each culture to enhance 
bacterial growth and CO consumption starting at P-T5, at which point growth seemed to 
slow down compared to P-T1-P-T4.  P-T5 (highlighted in red in Figure 4.1) was the 
inoculum for transfers 6 to 9 in medium buffered with phosphate (P), or bicarbonate (B). 
These transfers were made every 8-12 weeks when turbidity (OD600 ≥ 0.2) was detected. 
The composition of bicarbonate medium was as described in Chapter 3. CO was the sole 
carbon and electron source in phosphate-buffered medium.  
All serum bottles were incubated at 30 °C and shaken horizontally at 125 rpm 
(Incubated/Refrigerated Shaker MaxQ 600, Thermo Scientific) to increase the gas-liquid 
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interface area (46.7 cm2). The initial medium pH was 7.2  ± 0.36. PCO in all serum bottles 
was adjusted to the target concentration, daily, through N2-sparging and additions of 
ultra-high purity (UHP) CO (Praxair, Danbury, CT) using a 50 mL gas-tight syringe 
(Hamilton Company, Reno, Nevada). Transfers were made in triplicate. Samples for 
microbial ecology analyses were collected before inoculating each subsequent transfer. 
  
Figure 4.1. CO enrichment process in reduced anaerobic medium buffered with 20 mM 
phosphate (P), or 30 mM bicarbonate (B).  
Serial transfers consisted of 2% (vol/vol) enrichment culture. Transfers were made in 
triplicates. T1=Transfer one, T2=transfer two, etc. PCO = (% CO/100) × (Total pressure 
[atm]). 
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Growth with CO and various mixtures of CO, CO2 and/or H2 gas 
Gas mixtures used to test the effect of an additional carbon and electron source on the 
microbial ecology of the CO-enrichment cultures are shown in Figure 4.1. 1 mL of P-T9 
(highlighted in red in Figure 4.1) was used to inoculate serum bottles with different 
gaseous substrates: CO (P-T10-A), CO:CO2 (B-T10-B), CO:H2 (P-T10-B), CO:CO2:H2 
(B-T10-C), and H2:CO2 (B-T10-A) as a control without CO. Reduced anaerobic medium 
buffered with 20 mM phosphate was used when CO was the sole carbon source (in P-
T10-A-B); and with 30 mM bicarbonate in the control serum bottles (BT10-A) with no 
CO, and in serum bottles with CO and CO2 (in BT10-B-C). The initial PCO in all serum 
bottles was 0.3 atm (0.29 mM dissolved concentration), and it was not adjusted during 
the experimental time course. Every condition was tested in triplicate. Samples for 
microbial ecology analysis were taken at day 0 (within 1 hour after inoculation), during 
exponential CO consumption (when half of the CO concentration was consumed), and at 
the end of the experiment (when all CO was consumed). The initial medium pH in these 
experiments was 7.3  ± 0.4. Ultra-high purity CO and H2, and mixtures of H2:CO2 
(80:20), and CO:CO2:H2 (40:30:30) (Praxair, Danbury, CT) were used to feed the 
enrichments. All gas mixtures except the control were balanced with UHP N2 gas 
(Praxair, Danbury, CT). After mixing CO with H2 or CO2, using a 50 mL gas-tight 
syringe, and adjusting the PCO in the mixed gases and in the premixed mixtures to 0.3 atm 
with N2, the ratios of each gaseous substrate were as follows: CO:N2, 0.33:1.0; 
CO:H2:N2, 0.33:1.0:0.25; CO:CO2:N2, 0.36, 0.36, 1.0; CO:CO2:H2:N2, 0.36, 0.15, 0.21, 
1.0;  H2:CO2:N2, 1.0, 0.37, 0.25. Total pressure was measured using an electronic gauge 
manometer (VWR, Radnor, PA). 
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Isolation of carboxidotrophs and CO consumption studies 
Two carboxidotrophs were isolated from the CO-enrichment culture (transfer P-T10-A) 
by consecutively plating and picking single colonies (≥ 5 times).  Plates (phosphate-
buffered medium with 1.5% bacteriological agar) were incubated in an anaerobic culture 
jar at PCO of 0.8-1 atm. Single colonies were picked from the plates and were grown in 25 
mL glass serum bottles (sealed with butyl rubber stoppers and aluminum crimps) with 10 
mL anaerobic mineral medium containing 0.01% of Wolfe’s vitamin solution (1X), 
0.05% (w/v) yeast extract, and reduced with 0.4 mM L-cysteine and 0.2 mM Na2S.  The 
headspace composition was 100% CO. After 4-8 weeks of incubation at 30 °C, cultures 
derived from single colonies that produced H2 and CO2 were re-plated and incubated for 
>2 weeks. Culture purity was confirmed through microscopy and Sanger sequencing. 
Isolates were tested for CO consumption in serum bottles (25 mL and 160 mL 
total volume) with anaerobic phosphate buffered medium supplemented with 0.05% 
(w/v) yeast extract and vitamins, and reduced with Na2S and L-cysteine as previously 
described for the CO-enrichment process. UHP CO (0.22 or 1.3 mmol) was used as the 
main carbon and electron source. 
Chemical analyses 
Gas samples (200 µL) were withdrawn from the headspace of serum bottles using a 500 
µL gas-tight syringe (Hamilton Company, Reno, Nevada) to quantify CO, CH4, H2, and 
CO2 as described in Chapter 3. Gas calibrations were performed for two different 
concentration ranges: low range (0.5-10% (v/v)) and high range (11-100% (v/v)). CO 
partial pressures were determined from the CO gas concentrations and the total pressure 
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in the serum bottles (Dalton’s Law of partial pressures). CO dissolved concentrations 
were estimated with Henry’s law using the PCO and the equilibrium constant for CO and 
water at 30 °C (1046.12 atm L mole-1) (Hobler, 1966). 
1.5 mL liquid samples were withdrawn and centrifuged at 13,200 rpm for 15 
minutes using a micro-centrifuge 5415 D (Eppendorf, Hauppauge, NY) to pellet 
microbial biomass for DNA extraction. The supernatant of the pelleted samples was 
filtered through a 0.2 µm membrane filter for high performance liquid chromatography 
(HPLC) analyses of organic acids and alcohols, as described in Chapter 3. Calibration 
curves for acetate, ethanol, butyrate, isobutyrate, formate, propionate, valerate, and 
isovalerate were made from 0.5 mM to 50 mM. The detection limit for all fatty acids and 
alcohols measured was 0.1 mM. 
DNA extraction and microbial community analysis  
DNA was extracted as previously described (Ziv-El et al., 2011). The 16S rRNA gene of 
isolates was amplified from genomic DNA for Sanger sequencing using the primers-set 
8F/1525R, and the following PCR conditions: pre-denaturation at 94 °C for 6 minutes; 35 
cycles of denaturation at 94 °C for 45 seconds, annealing at 55 °C for 45 seconds, 
extension at 72 °C for 2 minutes; and post-elongation at 72 °C for 10 minutes. The PCR 
products were purified using the QIAquick PCR Purification Kit (QIAGEN) and directly 
sequenced by DNASU at Arizona State University (http://dnasusequencing.org). Primers 
8F, 342F, 519F, 926F, 519R, 926R and 1525R were used to sequence the 16S rRNA 
gene. DNA sequences yielded 93% similarity when aligned using the Bioinformatic 
software Geneious 9.1.7 and the global Geneious alignment tool with gap open and gap 
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extension penalties of 12 an 3, respectively, and 2 refinement iterations. The alignment 
and high quality score of each nucleotide was manually verified. The final alignment was 
compared with the National Center for Biotechnology Information (NCBI) BLAST tool.  
To determine the bacterial community structure of the CO-enrichment cultures 
exposed to different gaseous substrates, and during the CO-enrichment process, replicate 
pellets (stored at – 80 °C) from the serum bottles were thawed and combined to increase 
total biomass and DNA yield.  16S rRNA gene amplicons were sequenced using the 
Illumina MiSeq platform (primers 515F and 806R) at the Microbiome Analysis 
Laboratory (Arizona State University, Tempe) using the protocols from the Earth 
Microbiome Project (Caporaso et al., 2012; Gilbert et al., 2014). Before processing the 
reads using the QIIME 1.9.0 pipeline (J Gregory Caporaso et al., 2010), forward and 
reverse sequences (2 × 150 bp) were paired using PANDASeq (Masella et al., 2012). 
Raw sequences were submitted to NCBI Sequence Read Archive and are available under 
the following accession numbers: SAMN05751028, SAMN05751030, SAMN05751032- 
SAMN05751044, SAMN05751220- SAMN05751229, SAMN05751474- 
SAMN05751478. Raw sequences were filtered and processed as previously described 
(Esquivel-Elizondo et al., 2016). The average number of high-quality reads per sample 
was 59,795 ± 23,510 (min: 24,286, max: 101,266).  
Species diversity within samples (alpha diversity) was calculated by estimating 
the diversity metrics PD (Phylogenetic Distance)-whole-tree and observed-species 
(Kuczynski et al., 2011), using the QIIME 1.9.0 pipeline (J Gregory Caporaso et al., 
2010).  For this, the OTU table was multiple-rarefied at a depth of 4,000 sequences per 
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sample in 10 replicates, and rarefaction measures were analyzed such that  the sequence 
numbers per sample were equal (40,000 sequences per sample).  
Electron balance calculations 
Electron balances were performed in order to understand the distribution of electrons 
from the electron donor (i.e., CO or H2) to end-products (Ziv-El et al., 2012). For this 
analysis, moles of CO and end-products were converted to electron equivalents.  
Milielectron equivalents (me− eq.) per mmol are as follows: CO, 2; H2, 2; formate, 2; 
acetate, 8; ethanol, 12; butyrate, 20 (Rittmann and McCarty, 2001). Distribution of me− 
eq. from CO to end-products was calculated by dividing the electron equivalents of each 
end-product by the electron equivalents consumed as substrate, and multiplying this 
fraction by 100. 
Results and Discussion 
Increasing CO partial pressures enriched acetogens and inhibited methanogens  
Anaerobic sludge was enriched with CO as the sole exogenous carbon and energy source 
at increasing PCO over the course of 1.5 years (P-T1 to P-T9 as depicted in Figure 4.1). 
As summarized in Table 4.1, with lower PCO (0.2-0.4 atm; 0.19-0.38 mM), the main end-
products of CO fermentation were acetate, methane, butyrate, propionate, H2, and CO2. 
Only acetate, ethanol, H2, and CO2 were detected at the higher PCO (0.5-0.6 atm; 0.48-
0.57 mM) after more than one year of enrichment. Figure 4.2 shows production of 
methane, H2, propionate, and acetate from CO over more than 15 days of fermentation by 
Table 4.1. Concentration of products and main phylotypes detected at the end of serial transfers (PT2 to P-T9) of a mixed culture grown 
with CO as the sole exogenous carbon and energy source at increased PCO.  The data are averages of triplicate batch reactors with one 
standard deviation indicated. 
 
 New phylotypes detected at a relative abundance > 1% are highlighted in bold. 
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Figure 4.2. CO-conversion by transfer P-T2.A) Products of CO metabolism, and B) electron 
balances at days 9, 14 and 18 of fermentation. The electrons not accounted include CO not 
consumed and biomass produced. 
transfer P-T2 at a PCO of 0.3 atm (0.29 mM). Methane- and acetate-producers benefited 
from H2 and CO2 generated from CO, since more acetate and more methane were 
observed after CO consumption. Based on previous studies (Joana I. Alves et al., 2013; 
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Guiot et al., 2011; Luo et al., 2013; Sipma et al., 2003), here it was hypothesized that 
increasing PCO would enhance acetogenesis while inhibiting methanogenesis. Indeed, as 
noted in Table 4.1, acetate was the main end-product in all 9 transfers with CO as the 
sole carbon and energy source. Methane was present at the lower PCO tested but not 
detected after transfer P-T5, when the PCO was increased to 0.5 atm (0.48 mM). Previous 
research with mixed cultures reported acetate as the predominant end-product of CO 
fermentation, and CH4 only being produced at low CO dissolved concentrations (Joana I. 
Alves et al., 2013; Guiot et al., 2011; Luo et al., 2013).  
Unlike past studies, complete inhibition of methanogens occurred when PCO was 
≥ 0.5 atm (0.48 mM), and not at PCO ≤ 0.3 atm. In order to understand if this increased 
PCO threshold was due to methanogens’ adaptation to CO during transfers 2-4 at PCO of 
0.3 atm, methane production by the inoculum used for the enrichment process (not 
previously exposed to CO) was assessed at various PCO increments. As shown in Figure 
4.3, at PCO = 0.08 atm, more methane and acetate were observed as compared to 
fermentation at PCO = 0.18 atm or fermentation without CO. At PCO = 0.4 atm, acetate 
was the main end-product while methane was not detected. Therefore, methanogens 
acclimated to CO (at PCO = 0.3 atm) and thrived at 0.4 atm of CO (P-T5) during the 
enrichment process. Navarro et al. (2016) studied methane production from CO using 
disaggregated and granular sludge. Their results showed decreased methane production at 
PCO of 0.5 atm, and complete inhibition of methanogens at 1 atm with disaggregated 
sludge, but not with granular sludge. Thus, the sensitivity of methanogens to CO varies 
depending on the characteristics of the sludge (i.e., granular, disaggregated) (Navarro et 
al., 2016), adaptation to CO after long-term exposure, and by the inoculum source.  
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Figure 4.3. Methane and acetate production after 17 days of fermentation of ethanol (10 mM) at 
different partial pressures of CO (PCO) by anaerobic sludge (used as inoculum in the enrichment 
process).  
Acetate concentrations at the end of each transfer (after 8-12 weeks of 
fermentation, OD ≥ 0.2) were higher in transfers 3-5 (25.1-36.6 mM), compared to 
transfers 6-9 (8.4-12 mM). It is possible that during the first transfers, sludge organics 
were carried out and used as additional carbon and energy sources. After selective 
enrichment imposed by increased PCO and 2% (v/v) successive transfers, the only energy 
source in the systems was CO, and only CO-tolerant microorganisms thrived. This was 
reflected in slower growth and smaller concentrations of acetate, the only organic product 
detected. Accordingly, as presented in Figure 4.4, the microbial community structure of 
transfers 6-9 was very similar to each other, and different to that of transfers 1-5 (Panel 
A), which was more diverse and produced a wider variety of products (i.e., propionate, 
butyrate, and methane). Phylotypes associated with Peptostreptococcaceae, 
Porphyromonadaceae, and Geobacteraceae were abundant from P-T1 to P-T5, but not 
longer detected when the PCO increased to 0.5 atm, at which point the only detected 
products were acetate and ethanol  (Figure 4.4A, Table 4.1).  
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Figure 4.4. Microbial community structure during the CO-enrichment process and established 
transfers with A) CO as sole carbon and energy source in medium buffered with phosphate (P-), 
and B) CO:CO2 as energy and carbon source in medium buffered with bicarbonate (B-).   
Representative CO metabolic products (function) from CO fermentation are shown for each 
transfer. The data are representative of triplicate cultures. T: transfer. U_: unidentified. 
A 
B 
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The relative abundance of Clostridiales, an order comprised of acetogens and other 
fermentative bacteria (Dürre, 2005), increased from 5% in the inoculum to 65.5-94.5% 
when CO was the only initial carbon and energy source provided, regardless of CO 
partial pressures. Besides phylotypes within Clostridiales, other phylotypes most closely 
related to Methanobacteriaceae, Methylocystaceae, Ruminococcaceae and families 
within Bacteroidales comprised the main sequences representing the evolved microbial 
community structure under CO exposure at increased PCO. 
Phylotypes related to the hydrogenotrophic methanogenic family 
Methanobacteriaceae (specifically to the genus Methanobrevibacter) were initially 
detected in P-T2, and their relative abundance increased over 4 transfers (P-T2 to P-T5). 
This increase suggests that methanogens adapted to constant low CO concentrations (0.3 
atm, 0.29 mM) and even benefited from this limiting condition (PCO ≤ 0.4 atm, 0.38 mM) 
through increased H2 and CO2 production from the water gas shift reaction (Table 2.1, 
equation 1). Methanogens within the Methanobacteriaceae family (i.e., 
Methanobacterium formicicum, Methanobacterium arbophilicum, Methanobacterium 
ruminantium, Methanothermobacter thermoautotrophicus, and Methanothermobacter 
marburgensis) reportedly utilize CO (Daniels et al., 1977; Diender et al., 2016a). From 
these methanogens, only M. thermoautotrophicus and M. marburgensis are capable of 
growing with CO as their main carbon and energy source; yet after an adaptation period 
(Daniels et al., 1977; Diender et al., 2016a). However, Methanobrevibacter species have 
not been reported to utilize CO. 
Major taxa enriched at the highest PCO tested (0.6 atm, 0.57 mM), and still able to 
produce acetate, ethanol, H2, and CO2 were: Eubacteriaceae and Ruminococcaceae, 
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within Clostridiales, Methylocystaceae, within Rhizobiales, and unidentified 
Bacteroidales. Mesophilic bacteria within Clostridiales known to metabolize CO to 
acetate and/or ethanol include Eubacterium limosum (Sharak Genthner and Bryant, 
1982), Blautia producta (Lorowitz and Bryant, 1984), Acetobacterium woodii (Sharak-
Genthner and Bryant, 1987), Acetobacterium dehalogenans (Traunecker et al., 1991), 
Butyribacterium methylotrophicum (Lynd et al., 1982), and several Clostridium species, 
among a few other species. To our knowledge, bacteria within Methylocystaceae have not 
been detected in CO-consuming cultures before. These bacteria must have required 
several cycles to adapt to CO, since phylotypes related to Methylocystaceae were initially 
detected in transfer P-T5, at PCO = 0.4 atm. The role of Methylocystaceae in the CO-
enrichment culture is discussed in the following sections. 
CO2/HCO3− influences CO metabolism and promotes different microbial community 
structures  
Some carboxidotrophs metabolize CO as their sole energy source with an exogenous 
inorganic carbon source such as CO2, albeit endogenous CO2 is produced from CO 
(Savage et al., 1987). Despite increased interest in syngas fermentation, the effect of 
CO2/HCO3− on the microbial community structure and function of a mixed CO-
consuming culture is not well understood. Cultures taken from P-T5 (serial transfer #5 in 
phosphate buffered media) were simultaneously enriched with CO or CO:CO2 and the 
effect of CO2/HCO3− on product distribution and evolution of microbial communities 
was tracked throughout four transfers.  
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The addition of a second carbon source (HCO3−/CO2) in bicarbonate-buffered 
media changed the community structure (Figure 4.4B) as compared to the structure in 
transfers P-T6 to P-T9 with CO as the sole carbon and energy source (Figure 4.4A). 
Similar to transfer P-T6 (PCO = 0.5 atm), Eubacteriaceae phylotypes were the most 
abundant in transfer B-T6 (PCO = 0.5 atm). However, by transfer B-T8 (PCO = 0.6 atm), 
Desulfovibrionaceae became the most abundant, while Eubacteriaceae were still the 
most abundant phylotypes in transfer P-T8 (PCO = 0.6 atm). Phylotypes related to 
Ruminococcaceae, Methylocystaceae, and the acetogens Desulfovibrionaceae became the 
most abundant in transfer B-T9 (88.7% of the total number of identified phylotypes), 
after 4 serial transfers with CO:CO2. Unidentified Bacteroidales were abundant in the 
inoculum and in all transfers with CO, but were not detected in transfers with CO:CO2. 
The variation in community structure during enrichment with CO:CO2 was reflected in 
different end-products measured in transfers B-T6 to B-T9. As presented in Figure 4.4B 
and Figure 4.5 (electron balance), butyrate and formate were detected at a PCO of 0.5 
atm, while only acetate, ethanol, and H2:CO2 were detected at 0.6 atm. 
Despite the notable differences in microbial community structure between B-T9 
and P-T9 (both at PCO of 0.6 atm) (Figure 4.4), fermentation products remained similar, 
including acetate, H2:CO2 and ethanol, although in slightly different proportions (Figure 
4.5). However, consumption of CO by B-T9 was slower than CO consumption by 
enrichment P-T9 (Figure 4.6). While CO-enrichment culture P-T9 consumed 1.3 mmol 
of CO in 20 days, CO-enrichment culture B-T9 solely consumed 0.34 mmol in the same 
amount of time. This suggests that Eubacteriaceae, Methylocystaceae, and Unidentified 
Bacteroidales partnered to consume CO more efficiently than Ruminococcaceae, 
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Methylocystaceae, and Desulfovibrionaceae. The role of these phylotypes (at the genus 
level) in CO-consuming cultures was studied further and is discussed in the following 
section. 
 
Figure 4.5. Electron balance distribution of CO to end-products of representative cultures 
growing with CO as the sole energy source in reduced anaerobic media buffered with phosphate 
(P), and CO:CO2 as energy and carbon source in reduced anaerobic media buffered with 
bicarbonate (B). 
Electron balances were calculated at the end of the serial transfers. 
  
Figure 4.6. Consumption of CO by the CO-enrichment cultures in medium buffered with 
phosphate (P-T9) and medium buffered with bicarbonate (B-T9). 
CO was the sole energy source. 
0 
20 
40 
60 
80 
100 
P-T6             
(0.5 atm) 
P-T9             
(0.6 atm) 
B-T6          
(0.5 atm) 
B-T9                 
(0.6 atm) e
−  e
qu
iv
al
en
t d
is
tr
ib
ut
io
n 
fr
om
 
C
O
 to
 p
ro
du
ct
s,
 [%
]  
Transfer & PCO 
Acetate Butyrate Formate Ethanol H2 
0.0 
0.4 
0.8 
1.2 
1.6 
0 20 40 60 80 100 
C
O
, [
m
m
ol
] 
Time, [days] 
P-T9 B-T9 
 83 
Acetate/ethanol ratios and relative abundance of acetogens increased at the stationary 
phase of fermentation of CO, and CO with CO2 and/or H2 
The effect of H2 and/or CO2/HCO3− on CO-conversion to acetate and ethanol, and the 
community structure at different stages of CO consumption (lag, exponential and 
stationary phases), was assessed. Samples from P-T9 (serial transfer #9 with CO as the 
sole carbon and energy source) were inoculated into serum bottles with different substrate 
mixtures: CO, CO:CO2, CO:H2, CO:CO2:H2, and H2:CO2. P-T9 was selected for these 
analyses since it did not produce methane and it showed a faster CO consumption rate in 
previous experiments (see Figure 4.6). The initial PCO was 0.3 atm (0.29 mM) in all 
conditions tested. This PCO was used because previous data indicated that faster microbial 
growth could be achieved.  
Table 4.2 summarizes the metabolites and key phylotypes detected during 
fermentation with each syngas mixture and H2:CO2. The metabolic products in all 
fermentations were acetate, ethanol, and H2:CO2, consistent with the inoculum culture for 
these experiments (P-T9). Butyrate, propionate, and other fermentation products were not 
detected under these conditions. The highest ethanol production and, therefore, the 
highest ethanol/acetate ratio were achieved during exponential CO consumption for all 
CO gas mixture cases. As presented in Table 4.2 and Figure 4.7, Pleomorphomonas 
(Methylocystaceae) and Acetobacterium (Eubacteriaceae) phylotypes increased in 
relative abundance during exponential CO consumption in all CO-rich gases tested, 
suggesting an involvement in ethanol production. The highest relative abundance of 
Pleomorphomonas phylotypes was achieved at the exponential CO consumption phase 
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during growth with CO:CO2:H2 (23%). Correspondingly, the highest ethanol/acetate 
ratios were achieved under these same conditions (Table 4.2). 
Acetate production increased at the end of fermentation (stationary phase) under all 
conditions tested. The final acetate/ethanol ratios were higher (decreased ethanol/acetate 
ratios) when H2 and/or CO2/HCO3− were additional sources of energy and carbon, 
respectively, compared to growth with CO as the sole substrate (Table 4.2). H2 and CO2 
(in substrates and generated from CO), and ethanol produced during the exponential 
phase of CO consumption, were utilized for additional acetate production after all CO 
was depleted. Similarly, Nam et al. (2016) observed increased acetate production when 
CO2 was used to supplement CO-fermentation (Nam et al., 2016). As shown in Figure 
7.1, phylotypes that increased in relative abundance in the stationary phase, when CO 
was depleted and acetate production increased, were Oscillospira (Ruminococcaceae) 
under CO:H2 and CO:CO2:H2, and Desulfovibrio (Desulfovibrionaceae) in all cases. 
Oscillospira are uncultured bacteria previously detected in rumen (Kamagata, 2015). 
Desulfovibrio spp. are sulfate-reducers also known to produce acetate from organic acids 
and alcohols (Bryant et al., 1977; Heidelberg et al., 2004). 
Desulfovibrio phylotypes were abundant (up to 45%) in the stationary phase of 
fermentations with CO2 as substrate (CO:CO2 and CO:CO2:H2), and in the stationary 
phase (up to 0.5%) of cultures with CO as the sole carbon source (CO and CO:H2), where 
CO2 forms from CO and accumulates in the headspace of the serum bottles. Hence, it is 
most likely that Desulfovibrio and/or Oscillospira consumed CO2 for acetate production 
in the CO-enriched cultures. 
Table 4.2. Summary of metabolites detected during fermentation* of CO, and CO with CO2 and/or H2, and key phylotypes identified. 
 
*Cultures P-T10-A-B and B-T10-A-C on Figure 4.1. aLag phase: at the beginning of the experiment; Exponential CO-consumption phase: when half of 
the CO was consumed; Stationary phase: after total CO consumption (21 ± 1.5 days of fermentation). b: The relative abundances are representative of 
triplicate cultures. 
Values in bold indicate the highest relative abundance of each key phylotype detected under each condition.  
Values highlighted in blue indicate the highest ethanol to acetate ratio observed under each condition. 
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Figure 4.7. Microbial community structure of a CO-enrichment culture (PT10-A,-B, and BT10-
A,-B,-C in Figure 4.1) at different stages during fermentation of CO, CO:CO2, CO:H2, 
CO:CO2:H2, and H2:CO2 (Control).  
The initial PCO was 0.3 atm. C: carbon. E: energy. Lag: Lag phase. Exp: Exponential CO 
consumption phase. Stat: Stationary phase. U_: Unidentified. Data are representative of triplicate 
cultures.  
Besides promoting acetate production, CO2/HCO3− also influenced the species 
diversity within samples (Table 4.3). Alpha diversity was highest during the exponential 
and stationary phases of the enrichments growing with CO:CO2, and CO:CO2:H2 as 
substrates. CO as the sole carbon and energy source possibly enriched for 
carboxidotrophs only, resulting in a lower diversity compared to growth with CO:CO2, 
CO:H2, and CO:CO2:H2 (823 ± 8 OTUs vs 1344 ± 16, 1179 ± 18, and 1221 ± 18 
respectively). The structure of the microbial communities growing with CO:CO2 as 
carbon sources (growth with CO:CO2 and CO:CO2:H2) were similar when sampled 
during the stationary phase of CO consumption. Desulfovibrio and Acetobacterium were 
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the most abundant phylotypes, whereas the relative abundance of Pleomorphomonas 
decreased to <0.4%, along with an increase in acetate production. 
Table 4.3. Diversity of the developed CO-enrichment culture at three different stages of CO 
consumption (lag, exponential and stationary phases) during fermentation of CO, CO:CO2, 
CO:H2, CO:CO2:H2, and H2:CO2.  
 
 PD whole tree Observed species 
CO 
Lag 33 ± 0.8 1061 ± 14 
Exponential 29 ± 0.6 823 ± 8 
Stationary 32 ± 0.6 932 ± 21 
CO:CO2 
Lag 29 ± 0.7 830 ± 12 
Exponential 38 ± 0.6 1344 ± 16 
Stationary 38 ± 0.6 1147 ± 13 
CO:H2 
Lag 32 ± 0.3 825 ± 4 
Exponential 36 ± 0.7 1179 ± 18 
Stationary 16 ± 0.6 563 ± 15 
CO:CO2:H2 
Lag 29 ± 0.7 861 ± 20 
Exponential 38 ± 0.5 1221 ± 18 
Stationary 36 ± 0.9 1334 ± 21 
H2:CO2 
Exponential 19 ± 0.5 626 ± 14 
Stationary 29 ± 0.9 900 ± 12 
CO-consumption phases: lag, exponential and stationary. The OTU table was multiple-rarefied at 
a depth of 4000 sequences in 10 replicates. Rarefaction measures were analyzed at 40,100 
sequences. 
Similar to growth with CO:CO2 as carbon sources, the microbial communities that 
evolved with CO as the sole carbon source (growth with CO and CO:H2) resembled each 
other (Figure 7.1). The main differences were the presence of phylotypes associated with 
the hydrogenotrophic genus Telmatospirillum (Sizova et al., 2007) during exponential 
CO consumption in cultures with H2, and lower sample species diversity (i.e., fewer 
phylotypes detected and less phylogenetic variation) at the stationary growth phase with 
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CO:H2 (Table 4.3). In addition, the relative abundance of Pleomorphomonas phylotypes 
decreased from 6% during exponential CO consumption to 1% at the stationary growth 
phase with CO:H2. However, Pleomorphomonas phylotypes were close to 20% at both 
growth phases with CO. The ethanol/acetate ratios at the stationary growth phase with 
CO and CO:H2 varied accordingly; 0.1 vs. 0.02 mmol/mmol, respectively (Table 4.2). 
The H2:CO2 cultures used as controls without CO, verified that the medium was 
supportive of autotrophic growth. These cultures produced >5 times more ethanol than 
fermentation of CO:CO2:H2 and >15 times than fermentation of CO, CO:CO2 and CO:H2. 
This was possible due to the high amount of substrate electrons added as H2 (5.4 ± 0.9 
mmol = 10.8  ± 1.8 me− eq) compared to the amount of substrate electrons added to CO 
experiments (4.1 – 8.3 me− eq). High ethanol production achieved during growth with 
H2:CO2 suggests that the CO-enrichment culture was capable of switching its metabolism 
from acetate to ethanol production when enough electrons were provided to reduce 
acetate to ethanol. 
In summary, H2 and CO2/HCO3− had influences on the microbial community 
structure and function. Both substrates increased the alpha diversity of the microbial 
community in the CO-enrichment culture, and they increased the final acetate/ethanol 
ratio. The analysis under different phases of CO consumption underscores the importance 
of multiple sampling points during CO-fermentation to uncover important microbial 
interactions. The microbial community structure during exponential CO consumption 
differed from the lag and stationaries phases. Carboxidotrophs produced H2:CO2, ethanol 
and acetate during CO consumption, and non-carboxidotrophs produced acetate after CO 
was depleted. If ethanol and not acetate is the desired product, CO consumption can be 
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maintained during exponential growth by applying CO constantly; and the number of 
electrons added as CO or CO:H2 should be high, as indicated by the dominant ethanol 
production observed with 10.8  ± 1.8 me− eq as H2, during fermentation of H2:CO2. 
Pleomorphomonas-like isolate produces H2:CO2 from CO, and Acetobacterium-like 
isolate produces acetate and ethanol from CO  
As discussed in the previous section, phylotypes associated with the genera 
Pleomorphomonas and Acetobacterium were highly abundant in the CO-enrichment 
cultures; specifically during the exponential phase of CO consumption, when ethanol 
production increased under all CO-rich gases tested. While Pleomorphomonas spp. have 
not been reported to grow with CO, Acetobacterium spp., including A. woodii (Sharak 
Genthner and Bryant, 1987), A. dehalogenans (Traunecker et al., 1991) and A. fimetarum 
(Kotsyurbenko et al., 1995), have been described to produce acetate from CO or syngas 
with yeast extract.  In order to investigate the role of Pleomorphomonas and 
Acetobacterium spp. in CO fermentation, these microorganisms were isolated from the 
CO-enrichment culture (at PCO = 0.8-1atm). 
Based on 16S rRNA gene sequencing, the two isolates were most closely related 
to Pleomorphomonas diazotrophica and Acetobacterium wieringae, respectively. Results 
presented in Figure 4.8 show that the Pleomorphomonas-like isolate is a hydrogenogenic 
carboxidotroph, whereas the Acetobacterium-like isolate is an ethanol-producing 
carboxidotroph. Based on these results and the high relative abundance of 
Pleomorphomonas and Acetobacterium in the CO-consuming cultures presented in 
Figure 7.1, the isolates seemed to play a significant role in H2 and ethanol production 
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during exponential CO-utilization (Table 4.2). H2:CO2 and ethanol produced from CO 
were utilized for acetate production by the CO-enrichment culture throughout 
fermentation, but mainly after CO was depleted (stationary phase), when ethanol/acetate 
ratios decreased. The possibility of syngas fermentation by the isolated carboxidotrophs 
remains to be tested. 
 
 
Figure 4.8. CO metabolism (with 0.05% w/v yeast extract) of isolates from the CO-enrichment 
culture (P-T10-A in Figure 4.1). A) Pleomorphomonas sp. and B) Acetobacterium sp.  
Data are average from biological triplicates. 
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Conclusions 
This study documents the long-term evolution of carboxidotroph-containing microbial 
communities during enrichment of sludge with CO and CO:CO2 at increased partial 
pressures of CO (0.2-0.6 atm and 0.5-0.6, respectively). The enriched CO-consuming 
culture, capable of producing acetate and ethanol, was evaluated for its use of CO as the 
sole exogenous carbon and electron source, or in combination with other syngas 
components: CO2/HCO3− and/or H2. The addition of H2 and/or CO2/HCO3− influenced 
the microbial community structure by increasing the community diversity and promoting 
the growth of Desulfovibrionaceae. These resulted in higher acetate production compared 
to growth with CO as the sole carbon and energy source. Ethanol production was highest 
during exponential CO consumption (compared to lag and stationary phases) under all 
gas mixtures studied. Phylotypes that increased in relative abundance in this phase of CO 
consumption were Acetobacterium and Pleomorphomonas. Isolation of bacteria closely 
related to Acetobacterium and Pleomorphomonas species revealed that these 
microorganisms consumed CO and produced mainly ethanol and H2:CO2, respectively. 
The high abundance of Eubacteriaceae (Acetobacterium) and Methylocystaceae 
(Pleomorphomonas) phylotypes in enrichment P-T9 explains the fast CO consumption 
rates (Figure 4.6) achieved by this CO-enriched culture. 
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CHAPTER 5 The effects of CO2 and H2 on CO metabolism by pure and mixed 
microbial cultures 
The CO-enriched mixed culture and the isolated carboxidotrophs described in Chapter 4 
were used to further study the effect of H2 and CO2 on CO metabolism. The performance 
of pure and mixed cultures growing with CO-rich gases is described in this chapter. This 
chapter is published in an altered format in Biotechnology for Biofuels:  
Esquivel-Elizondo, S., Delgado, A. G., Rittmann, B. E., & Krajmalnik-Brown, R. 2017. 
The effects of CO2 and H2 on CO metabolism by pure and mixed microbial cultures. 
http://rdcu.be/vUBd 
Introduction 
Microbial anaerobic conversion of CO or synthesis gas (syngas), a gas mixture mainly 
composed of CO, H2, and CO2, leads to the production of important industrial products, 
such as acetic and butyric acid, and biofuels, such as ethanol, butanol, H2, and methane 
(Grethlein et al., 1991; Luo et al., 2013; Vega et al., 1989a, 1989c). Pure cultures, mainly 
Clostridium spp. and other Clostridia, have been widely utilized in the study of CO and 
syngas conversion to ethanol and acetate (Chen and Henson, 2016; Diender et al., 2015; 
Rajagopalan et al., 2002; Ramió-Pujol et al., 2015a; Shen et al., 2017, 2014; Younesi et 
al., 2005). Stoichiometric reactions for microbial conversion of CO and syngas to acetic 
acid and ethanol are summarized in Table 2.1, equations 2-4 and 12-14. 
Efforts to enhance CO- and syngas-conversion by carboxidotrophic 
microorganisms to preferred industrial products (e.g., ethanol or acetate) include 
optimization of nutrients (Abubackar et al., 2011; Chang et al., 1999), optimization of pH 
and temperature (Abrini et al., 1994; Mohammadi et al., 2012), optimization of bioreactor 
configuration (Bredwell et al., 1999; Park et al., 2013; Shen et al., 2017, 2014), and 
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metabolic engineering for increased production (Chen and Henson, 2016; Latif et al., 
2014). However, syngas composition varies depending on the feedstock gasified and the 
gasification conditions (A. V. Bridgwater, 1995; Ciferno and Marano, 2002). Hence, 
different syngas composition, including CO:CO2, CO:H2, and CO:CO2:H2 at different 
ratios with or without a source of organic carbon (e.g., yeast extract), varies in most 
studies (Diender et al., 2016b; Hu et al., 2013; Mohammadi et al., 2012; Sim et al., 2008; 
Ukpong et al., 2012; Younesi et al., 2005), making it difficult to understand how CO2, H2, 
and different syngas mixtures affect CO-oxidation and products distribution (e.g., 
ethanol/acetate ratios).  
The available literature on this subject shows that growth of carboxidotrophic 
acetogens and the ethanol/acetate ratio are influenced by CO2 (Heiskanen et al., 2007; 
Hurst and Lewis, 2010; Nam et al., 2016; Rajagopalan et al., 2002; Sharak Genthner and 
Bryant, 1982). In particular, several carboxidotrophs, including Clostridium 
carboxidivorans, do not grow with CO in the absence of CO2 in certain conditions 
(Rajagopalan et al., 2002). Moreover, increasing the CO partial pressure (PCO) and the 
CO/CO2 ratio resulted in increased average cell concentration and increased 
ethanol/acetate ratio in C. carboxidivorans P7 (Hurst and Lewis, 2010). Likewise, 
increased syngas pressure promoted ethanol production in Clostridium ljungdahlii 
(Younesi et al., 2005). Increased PCO, CO/CO2, or syngas pressure promoted ethanol 
production, possibly because more electrons as CO and/or H2 were available for 
reduction reactions. As seen in equations 2-4 and 12-14 of Table 2.1, ethanol production 
requires more electrons as CO and H2 than acetate production.  
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The effect of H2 on CO fermentation has been less studied (Heiskanen et al., 
2007). Although the conversion of CO and H2 to acetate or ethanol is thermodynamically 
feasible (Table 2.1, equations 4 and 14), only a few reports document pure cultures 
simultaneously consuming H2 and CO (Diender et al., 2016a; Maness and Weaver, 1994; 
Weghoff and Müller, 2016), mainly because CO inhibits hydrogenases (Drake, 1982; 
Sharak Genthner and Bryant, 1982). Accordingly, sustainable syngas conversion by pure 
cultures poses a challenge of keeping an optimal syngas composition in order to assure 
CO, H2 and CO2 consumption and the desired products ratio.  
Mixed cultures are known to have functional redundancy and be more resilient to 
changes in the environment (Marshall et al., 2013). Moreover, industrial mixed culture 
fermentation might be less costly than pure culture fermentation, as sterile conditions are 
not as stringent. Despite these potential advantages, little attention has been given to the 
use of mixed cultures for syngas fermentation (Joana I. Alves et al., 2013; Ganigue et al., 
2015; Nam et al., 2016; Pakshirajan and Mal, 2013). Similar to pure cultures, syngas 
components may have effects on productivity of mixed cultures. Whether or not these 
effects are similar to the effects of syngas composition on pure cultures remains to be 
elucidated.  
In this work, I studied and compared CO-consumption rates and functionality of 
CO-consuming pure and mixed cultures during fermentation of CO and CO-rich mixtures 
commonly used in syngas studies (CO:CO2, CO:H2, and CO:CO2:H2). I grew a CO-
enriched mixed culture and two carboxidotrophs isolated from it with the same CO-rich 
gas mixtures and similar conditions. My hypothesis was that the addition of CO2 and/or 
H2 to CO fermentation would alter the metabolism of carboxidotrophs, regarding CO-
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consumption rates and products formation, and that the pure cultures would be more 
susceptible to changes in gas composition than the mixed culture. In addition, I tested the 
capability of the CO-enriched mixed culture to switch from acetate to ethanol production 
by increasing the availability of electrons (as CO), which should promote reduction 
reactions.  I carried out these experiments at neutral pH and in a batch reactor with 
continuous CO-supply through diffusive membranes. 
Methodology 
CO-enriched mixed culture and isolation of carboxidotrophs 
A CO-enriched mixed culture was obtained by exposing anaerobic sludge to CO as the 
sole carbon and energy source. Details on the enrichment process are described in 
Chapter 4. Isolates named SVCO-15 (GenBak KY992591) and SVCO-16 (GenBank 
KY992590) were obtained from the CO-enriched culture. 
Growth with CO and different CO-rich gas mixtures by pure and mixed cultures 
1 mL of a CO-consuming culture (mixed or pure isolate) in exponential growth was used 
to inoculate glass serum bottles (160 mL) with 50 mL reduced anaerobic medium and 
different substrates: CO, CO:CO2, CO:H2, CO:CO2:H2, or CO:yeast extract (YE). Before 
inoculation, serum bottles were autoclaved for 1 h at 121°C. Medium was buffered with 
sodium phosphate (Na2HPO4) and potassium phosphate (KH2PO4) in cultures growing 
with CO, CO:H2, and CO:YE; and it was buffered with sodium bicarbonate (NaHCO3) in 
cultures growing with CO:CO2 and CO:CO2:H2. The initial pH in this set of experiments 
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with different gas compositions was 7.3 ± 0.4.  The compositions of phosphate- and 
bicarbonate-buffered media are described in Chapter 3. Fermentation of CO also was 
studied in medium not buffered to allow the pH to decrease. The composition of the non-
buffered medium (pH = 7.5 ± 0.1) was similar in composition to the phosphate-buffered 
medium, except that phosphate salts were not added. All media were reduced with L-
cysteine (0.4 mM) and Na2S (0.2 mM) and supplemented with Wolfe’s vitamin solution 
(ATCC, Vitamin Supplement, catalog no. MD-VS), 0.01 % (v v−1). Resazurin was used 
as an O2 indicator at a concentration of 5 × 10−5 % (w v−1). 
Serum bottles were incubated at 30°C and shaken horizontally at 125 rpm to 
increase CO dissolution. Ultra high pure CO (99.9% purity) and H2, N2:CO2 (80:20), and 
pre-mixed CO:CO2:H2 (40:30:30) (Praxair, Danbury, CT) were used to feed the cultures. 
Preparation of gaseous substrates and final ratios of each mixture were as described 
Chapter 4. The initial total pressure of the serum bottles was 1.45 atm. Every condition 
was tested in triplicate. 
Fermentation of CO in batch reactor with continuous CO-supply 
The setup of the batch reactor is illustrated in Figure 5.1. 32 composite hollow-fiber 
membranes (Mitsubishi Rayon, Model MHF 200TL) (1.31 cm mL−1) were used to supply 
CO (at ≤ 0.3 atm) by diffusion directly to the liquid media.  The CO delivery rate was 12 
± 0.5 µmol h−1, estimated from the amounts of measured end-products.  The total volume 
of the batch reactors was 230 mL, and the liquid was 50 mL of reduced phosphate-
buffered medium.  Prior to inoculation with 2 mL of the CO-enriched mixed culture 
derived from sludge, reactors were sparged with N2 (UHP, Praxair) for 10 minutes and 
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sealed with butyl rubber and aluminum crimps. The batch reactors were placed on a stir-
bar hot plate (VWR, #97042-642) operated at 32 ± 1°C and 150 rpm. Initial partial 
pressure of CO in the headspace of the reactor was 0 atm. 
 
Figure 5.1. Batch reactor with continuous CO-supply to liquid medium through diffusive 
membranes. 
Chemical analyses 
Gases in the headspace and fatty acids and alcohols in the liquid phase were detected and 
quantified via gas and liquid chromatography, respectively, as described in Chapter 3. 
Partial pressures were determined with Dalton’s Law of partial pressures: P = % gas in 
headspace (estimated through gas chromatography) × total pressure in the batch reactor 
(measured with an electronic gauge manometer). pH values were measured with a pH 
Benchtop Meter (Thermo Scientific, #9142BN). Organic matter was estimated by 
quantifying the chemical oxygen demand (COD) in 2 mL samples with COD vial tests 
(Hach, LR and HR TNTplus vial tests). 
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DNA extraction and molecular biology analyses  
Pellets made by centrifuging 1.5 mL sample at 13, 200 rpm for 20 minutes using a micro-
centrifuge 5415 D (Eppendorf, Hauppauge, NY) were used for DNA extraction.  To 
increase total biomass and DNA yield, replicate pellets (stored at – 80°C) were thawed 
and combined before DNA extraction (Chapter 4). Prior to inoculation of serum bottles, 
the 16S rRNA gene of isolates SVCO-15 and SVCO-16 was directly amplified from 
genomic DNA for Sanger sequencing as described in Chapter 4.   
The 16S rRNA gene copies present in DNA extracted from cultures were 
quantified via quantitative real-time PCR (qPCR) using the primer set 342F/1492R and 
the following amplification conditions: pre-denaturation at 95°C for 10 minutes; 45 
cycles of denaturation at 95 °C for 15 seconds, and combined annealing and extension at 
60 °C for 1 minute; an additional cycle of 95°C for 15 s, and 60 °C for 15 seconds; and 
20 min temperature increase from 60 °C to 95 °C (Ritalahti et al., 2006).  Each reaction 
(20 µL) contained: 10 µL of SYBR green mix (Takara, California), 0.2 µL of each 
forward and reverse primer (10µM), 8.6 µL water, and 1 µL of template DNA (diluted 
100X).  Every assay and a six-point standard curve were run in triplicate.  The gene copy 
number per mL was calculated with the following equation: 
gene copies per mL = gene copies/reaction  µL DNA^  (dilution factor) µL DNA/reaction  (mL sample∗)  
* Volume of culture (sample) used for DNA extraction. 
^ Volume of DNA extracted from the sample 
To determine the bacterial community structures for the different conditions, 
DNA was sequenced using the Illumina MiSeq platform at the Microbiome Analysis 
Laboratory as described in Chapter 4.  Raw sequences were submitted to NCBI 
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Sequence Read Archive and are available under the Project ID PRJNA386595. Paired 
reads (average length 253 bp) were processed using the QIIME 1.9.0 pipeline (J Gregory 
Caporaso et al., 2010) as described in (Esquivel-Elizondo et al., 2016).  The average 
number of high-quality reads per sample was 43,938 ± 10,513. 
Electron balances 
Electron balances were performed in order to understand the distribution of electrons 
from the electron donor(s) (CO, and/or H2) to end-products (acetate, ethanol, H2), as 
described in Chapter 4. Additional electrons, provided as yeast extract, L-cysteine (used 
as reducing agent) and biomass (or organic matter), also were considered. These electron 
balances were quantified as COD using 8 g COD/e- eq.  
Results and Discussion 
Addition of H2 and/or CO2 to CO fermentation altered the metabolism of 
carboxidotrophs  
The conversions of CO and CO with H2 and/or CO2 by a CO-enriched mixed culture and 
two carboxidotrophs isolated from the mixed culture were studied and compared.  As 
mentioned in Chapter 4, based on the 16S rRNA gene partial sequence, the two isolates 
tested are 99% phylogenetically similar to the acetogen Acetobacterium wieringae and to 
the N-fixating bacterium Pleomorphomonas diazotrophica.  Despite these bacteria having 
not previously been characterized as carboxidotrophs, sequences mostly similar to A. 
wieringae were identified in a CO fermenter inoculated with anaerobic digester fluid 
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from a wastewater treatment plant (Kim and Chang, 2009).  Additionally, I isolated 
another strain of A. wieringae from sediments collected close to a lake in Arizona, USA, 
enriched with CO (GenBank KY992593). 
Figure 5.2 and Figure 5.3 present the conversion of CO-rich gas mixtures (i.e., 
CO, CO:CO2:H2, CO:H2, and CO:CO2,) by the CO-enriched mixed culture and the 
isolates. The mixed culture and the Acetobacterium-like isolate produced H2, CO2, 
acetate, and ethanol for all conditions tested.  However, ethanol production by the 
Acetobacterium isolate was higher than by the CO-enriched mixed culture. While the 
isolate produced 0.56 and 0.18 mmol under growth with CO:H2 and CO:CO2, 
respectively (Figure 5.3B,E), the CO-enrichment produced 0.08 and 0.02 mmol (Figure 
5.3A,D). The Pleomorphomonas-like isolate produced H2 and CO2 from CO, according 
to the water gas shift reaction (equation 1). No other products were detected via gas and 
liquid chromatography. As presented in Figure 5.2D,H, abiotic conversion of CO, CO2 
and H2 was negligible.	
Opposite to the isolates, which did not completely consumed H2, and previous 
studies with pure cultures, in which H2 was not consumed along with CO (Bertsch and 
Müller, 2015; Heiskanen et al., 2007; Menon and Ragsdale, 1996; Sharak Genthner and 
Bryant, 1982), the CO-enriched mixed culture metabolized H2 along with CO for acetate 
and ethanol production during growth with CO:CO2:H2 (Figure 5.2E) and CO:H2 
(Figure 5.3A). Since CO dehydrogenase (CODH), the enzyme that catalyzes the 
reversible reduction of CO to CO2, possesses hydrogenase activity, the activity of 
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Figure 5.2. Fermentation of (A-D) CO, and (E-H) CO:CO2:H2 by the mixed and pure CO-
consuming cultures. Panels D and H show that no CO, H2, or CO2 was abiotically consumed. The 
initial CO partial pressure was 0.3 atm. The data are averages of triplicates; error bars indicate 
one standard deviation.
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Figure 5.3. Fermentation of (A-C) CO:H2 and (D-F) CO:CO2 by the mixed and pure CO-
consuming cultures. The initial partial pressure of CO was 0.3 atm. The data are averages of 
triplicates; error bars indicate one standard deviation.
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hydrogenases in pure cultures of carboxidotrophs could be redundant (Menon and 
Ragsdale, 1996). However, H2 in syngas could have been consumed through equations 2 
and 12 (Table 2.1) by hydrogenotrophic microorganisms in the mixed culture.  So far, 
the mesophilic proteobacterium Rubrivax gelatinosus and the thermophilic 
Methanothermobacter marburgensis and Thermoanaerobacter kivui are reported to 
simultaneously utilize CO and H2. More experiments are needed to verify the 
simultaneous utilization of these substrates (Diender et al., 2016a; Maness and Weaver, 
1994; Weghoff and Müller, 2016). 
The presence of CO2 (0.7 – 1.4 mmol) and H2 (0.7 – 4.1 mmol) influenced the 
metabolism of the CO-consuming cultures. As summarized in Table 5.1, differences in 
CO- consumption rates and ethanol/acetate ratios were observed when the gas 
components were varied. The pure cultures seemed more sensitive to the addition of H2 
and/or CO2 to CO fermentation than the mixed culture. While maximum CO-
consumption rates (during exponential CO-consumption) by the CO-enriched mixed 
culture were similar under all conditions (2.6 ± 0.6 mmol CO L−1 d−1), those achieved by 
the isolates varied depending on the CO-rich gas mixture (0 – 5 mmol CO d−1 L−1). 
Moreover, contrary to the CO-enriched mixed culture, the final 16S rRNA gene copy 
number, quantified through qPCR, in pure cultures varied by more than one order of 
magnitude among the different CO-rich gas mixture, as presented in Figure 5.4.  
Production of acetate, ethanol, and/or H2 from CO-rich gases by the CO-
consuming cultures is compared in the electron balances presented in Figure 5.5. For 
this, end-products electron equivalents were normalized by the initial electron equivalents 
in CO and/or H2 and COD in the inoculum, as summarized in Table 5.1. Figure 5.5A 
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shows that acetate was the dominant end product in all fermentations by the CO-enriched 
mixed culture. More than 72 % of the electrons in substrates were utilized for acetate 
production. Ethanol was produced for all conditions tested, although at smaller 
proportions: 11 ± 2.3% of the electrons in CO and 2 – 6% of the electrons in CO with 
CO2 and/or H2 were directed towards ethanol production. Initial pH was 7.3 ± 0.3, and it 
decreased to 6.8 ± 0.13 at the end of the experiments. In addition, the final 
ethanol/acetate ratio was similar for growth with CO2 and H2 as substrates (0.04 ± 0.015 
e− meq./e− meq.), and it increased to 0.14 ± 0.03 e− meq./e− meq. for growth with CO as 
the sole substrate (Table 2).  Similarly, estimated ethanol/acetate ratios by an acetogenic 
mixed culture were 0.37 e− meq./e− meq. at PCO = 0.75 atm (no CO2 added) and 
decreased to 0.08 and 0.07 e− meq./e− meq. at PCO = 0.25 atm and PCO and PCO2 of  0.25 
atm, respectively (Nam et al., 2016). 
        Figure 5.5.B shows that the electron distribution to products by the Acetobacterium-
like isolate varied depending on the presence of H2 and/or CO2. The highest distribution 
of electrons to ethanol was achieved with CO and CO:H2: 54 – 64% of the electrons in 
CO:H2 or CO were utilized for ethanol production, whereas less than 33% of the 
electrons in CO:CO2:H2 and CO:CO2 went to ethanol. The rest of the electrons were 
distributed to biomass, acetate, and H2, also in different proportions. Similar to the CO-
enriched mixed culture, the highest fraction of electrons channeled to acetate by the 
Acetobacterium-like isolate was achieved with the addition of CO2. Initial medium pH 
was 7.3 ± 0.3, and it decreased to 7.1 ± 0.0, 7.0 ± 0.1, 7.0 ± 0.1, 6.6 ± 0.2, and 6.8 ± 0.1 
after fermentation of CO, CO:YE, CO:H2, CO:CO2, and CO:CO2:H2,  respectively.  
Table 5.1. Electron equivalents in substrates and products, along with ethanol-to-acetate ratios, in fermentation of CO and CO with H2 
and/or CO2 by the CO-consuming cultures. 
 
 * Electrons added as CO and/or H2, and organic matter (i.e., fatty acids in inoculum). ** Maximum rates achieved during exponential CO-
 consumption in serum bottles, and estimated rates in the batch reactor. a Initial PCO in batch reactor with continuous CO-supply is 0 atm,  since 
 CO gradually diffuses through the membranes, and only CO not consumed by the biofilm formed on the membranes ends in the headspace of the 
 reactor. b After 55 days of fermentation, at PCO = 0.12 atm. c After 61 days of fermentation, at PCO = 0.04 atm. d No acetate detected, and 69.5 ± 3.1 mM 
 (40.6 e− meq.) of ethanol produced.  
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Figure 5.4. Copies of the 16S rRNA gene in the CO-consuming cultures: (A) CO-enrichment 
culture, (B) Acetobacterium-like isolate, and (C) Pleomorphomonas-like isolate growing with CO, 
and mixtures of CO with H2 and/or CO2. Values are averages of triplicate qPCR reactions on 
pooled DNA. 
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The different final pH values are in accordance with the different ethanol/acetate ratios 
observed (Table 5.1); final lower pH corresponded to higher acetate concentrations. 
Accordingly, ethanol/acetate ratios obtained with growth with CO:CO2 and CO:CO2:H2 
were at least 5 times lower (0.86 ± 0.01 and 2.5 ± 0.25 e− meq./e− meq., respectively) 
than those achieved with CO and CO:H2 (14.2 ± 5.2 and 11.2 ± 0.5 e− meq./e− meq., 
respectively) (Table 5.1). These results agree with the results of Hesikanen et al. (2007) 
and Nam et al. (2016), who report an increase in the acetate production rate and yield 
with the addition of CO2 to CO fermentation. Ethanol/acetate ratios by the 
Acetobacterium-like isolate (at total pressures of 1.45 atm) growing in syngas (2.5 ± 0.25 
e− meq./e− meq.) are higher than those reported for Clostridium ljungdahlii (~0.1 – 1 e− 
meq./e− meq.) growing with syngas (55% CO, 10% CO2, 20% H2, 15% Ar) at 1 – 1.8 atm 
(Younesi et al., 2005), but lower to that (~8.5 e− meq./e− meq.) achieved by C. ljungdahlii 
in a 4-L bioreactor optimized for solventogenesis (H. Richter et al., 2016). In my study, 
the addition of H2 also promoted acetate production by the CO-enriched mixed culture, 
but not by the Acetobacterium isolate. A possible explanation is that, while the isolate did 
not consume most of the H2 provided as substrate (Figure 5.3B), the CO-enriched mixed 
culture consumed H2 along with CO (Figure 5.3A), for increased acetate production.	
The addition of CO2 and/or H2 to CO fermentation also influenced the metabolism 
of the Pleomorphomonas-like isolate. CO conversion was highly inhibited by the 
presence of CO2 in growth with CO:CO2 (PCO2 = 0.3 atm) and CO:CO2:H2 (PCO2 = 0.15 
atm).  More than 70 % of the added CO was not consumed after > 75 days of 
fermentation (Figure 5.2G and Figure 5.3F). Exogenous H2 (PH2 = 0.94 atm) did not 
inhibit CO consumption, and similar to the CO-enriched mixed culture, it decreased the  	
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Figure 5.5. Electron distribution (%) from electron donorsa to acetate, ethanol, and/or H2 
produced in fermentation of CO and mixtures of CO with CO2 and/or H2 by (A) the CO-enriched 
mixed culture, (B) the Acetobacterium-like isolate, and (C) the Pleomorphomonas-like isolate.  
The data are averages with standard deviation of triplicates. The electron balance in (A) 
corresponds to day 21, and in (B-C) to the last day of fermentation.a CO, H2, and/or yeast extract 
(YE), and initial concentration of organic matter.* Distribution of electrons to H2 includes H2 
produced and not consumed. e meq.: electron milliequivalent.
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CO-consumption rates, from 1.0 to 0.7 mmol CO L−1 d−1, compared to autotrophic 
growth with CO as the sole substrate. Correspondingly, the distribution of electrons from 
CO to H2 was similar (78 – 81%) in growth with CO and CO:H2, but different than in 
growth with CO:CO2 and CO:CO2:H2. (Figure 5.5C).  
Many carboxidotrophs have been observed to require or grow better with yeast 
extract or similar complex nutrients (Abubackar et al., 2011; Liu et al., 2014a). The 
addition of yeast extract (0.05 % w v−1) significantly (p < 0.01) increased ethanol 
production by the Acetobacterium-like isolate, compared to its autotrophic growth with 
CO as the sole substrate (from 6.6 ± 1.0 to 13.5 ± 3.0 mM). This increase in ethanol 
production can be seen in Figure 5.5B: The distribution of electrons to ethanol increased 
from 54 ± 11% in growth with CO, to 80 ± 16% in growth with CO and yeast extract, 
although similar maximum CO-consumption rates were achieved: 1.6 ± 0.2 mmol CO L−1 
d−1 (Table 2). Acetate production by the Acetobacterium-like isolate grown with CO:YE 
was not detected Figure 4.8A. Similarly, CO-consumption by the Pleomorphomonas-like 
isolate was stimulated by the addition of yeast extract (0.05 % w/v); total CO was 
consumed in less than half of the time when yeast extract was added (Figure 5.2C and 
Figure 4.8B). However, more electrons were provided as substrate with the addition of 
yeast extract; therefore, more biomass was produced (Figure 5.4). The higher 
concentration of biomass was possibly responsible for the shorter lag phase for CO 
consumption observed in growth with CO:YE compared to CO. However, once microbes 
were in exponential growth phase, maximum CO-conversion rates (1.2 ± 0.2 mmol CO 
L−1 d−1) were similar (Table 5.1). As seen in Figure 5.5C, the electron distribution to H2 
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by the Pleomorphomonas-like isolate grown with CO:YE was similar to that observed 
when grown with CO and CO:H2.  
The metabolisms of the Acetobacterium- and Pleomorphomonas-like isolates 
were affected by changes in syngas composition. CO2 (at PCO2 = 0.3 atm) inhibited CO-
oxidation by the Pleomorphomonas isolate and ethanol production by the Acetobacterium 
isolate. H2 (at PH2 = 0.9 atm), on the other hand, did not inhibit ethanol or H2 production 
by the Acetobacterium and Pleomorphomonas isolates, respectively, but decreased their 
CO-consumption rates. These results indicate that the metabolism of these isolates, and 
possibly of other microorganisms, depends on the syngas composition. Therefore, for 
industrial applications of non-engineered microorganisms, such as the studied isolates, 
the feedstock and gasification conditions should be constant in order to fix the syngas 
composition, and to maintain concentration of the desired end-product(s). 
The Acetobacterium and Pleomorphomonas isolates may have been the main 
carboxidotrophs in the CO-enriched mixed culture that generated H2 and CO2, and 
acetate and ethanol, respectively, from CO. As part of the mixed culture, these isolates, 
together with other microorganisms summarized in Figure 4.7, consumed CO along with 
CO2 and H2 at CO-consumption rates of 2.6 ± 0.6 mmol CO L−1 d−1. These rates are 
similar to the ones achieved by thermophilic CO- and syngas-enrichment cultures (~1.3 – 
2.8 mmol CO L−1 d−1 in (Joana I. Alves et al., 2013)) and a mesophilic mixed culture (4 
mmol CO L−1 d−1 in (Nam et al., 2016)), but lower than the rates achieved by sludge from 
a wastewater treatment plant treating paper mill (>10  mmol CO L−1 d−1 in (Sipma et al., 
2003)). Ethanol/acetate ratios achieved by the mesophilic CO-enriched mixed culture 
varied slightly for different combinations of syngas components. Regardless of these 
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ratios and different structure of the microbial communities (Figure 4.7), acetate always 
was the main end-product from CO, CO:CO2, CO:H2, and CO:CO2:H2 (Figure 5.5A). 
Functional redundancy of mixed cultures is important for the sustainable production of 
acetate and other products from syngas, where the composition of syngas and, therefore, 
PCO, PCO2, and PH2, constantly vary depending on the type of feedstock gasified (e.g., 
recalcitrant biomass waste) and the gasification conditions (A. V. Bridgwater, 1995; 
Ciferno and Marano, 2002). 
Ethanol production by the CO-enriched mixed culture increased with continuous CO-
supply at pH ~7 
Since the CO-enriched mixed culture showed advantages for industrial applications over 
pure cultures (i.e., resiliency to changes in syngas composition, complete syngas 
consumption at relatively fast CO-consumption rates), its capacity to produce ethanol 
over acetate was investigated. First, in order to test if a drop in pH would lead to a switch 
in metabolism from acetate production to ethanol production, as previously reported 
(Abubackar et al., 2012; Ganigue et al., 2015; Hurst and Lewis, 2010; Mohammadi et al., 
2012), CO fermentation was carried out in serum bottles with non-buffered medium. The 
results, presented in Figure 5.6 showed that pH decreased from 7.5 ± 0.1 to 6.8 ± 0.1 and 
that phosphate was necessary for fast CO-conversion by the CO-enriched mixed culture, 
since CO-consumption rates in non-buffered medium were slower (1.1 mmol CO d−1 L−1) 
than rates achieved in phosphate-buffered medium (2.1 – 3.5 mmol CO d−1 L−1). This 
agrees with the fact that the CO-enrichment culture was enriched with CO in phosphate 
buffer media (Chapter 4). Ethanol was detected during fermentation in non-buffered 
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medium at concentrations of up to 5.4 ± 0.2 mM (~0.24 mmol), while acetate was not 
detected. Based on 16S rRNA community analysis, the main phylotypes detected after 50 
days of fermentation, when 1.3 ± 0.05 mmol of CO were consumed, were those related to 
the carboxidotrophic hydrogenogen Pleomorphomonas (61% of the identified 
phylotypes), followed by unidentified bacteria associated with fermenters within the 
bacterial orders Clostridiales (34%) and Bacteroidales (4.4%) (Figure 5.6C). 
Acetobacterium, Oscillospira, and other main phylotypes detected in phosphate-buffered 
medium (Figure 4.7) were not abundant. The absence of phylotypes related to acetate-
producing bacteria coincides with the lack of acetate production observed. Although 
ethanol was produced, low concentrations were attained compared to other studies 
(Abubackar et al., 2012; Ganigue et al., 2015; Hurst and Lewis, 2010; Mohammadi et al., 
2012). This low ethanol production could be due to the slow CO-utilization rates and 
incomplete CO fermentation observed in medium not buffered. 
In order to enhance ethanol production at faster CO-consumption rates, 
fermentation of CO in phosphate-buffered medium (pH 7.5 ± 0.1) was carried out in a 
batch reactor with continuous CO-supply (Figure 5.1). The hypothesis tested was that 
increased availability of electrons (as CO) would increase the reduction potential of the 
medium, promoting reduction reactions, including ethanol production, to maintain the 
redox balance. As shown in Figure 5.7A and Table 5.1, acetate and ethanol were 
produced along fermentation with ethanol/acetate ratios between 0.12 and 0.3 e− meq. / e− 
meq. However, on day 61, a switch from acetate to ethanol production was observed at a 
pH of 6.9 ± 0.1 (Figure 5.7B). Ethanol concentrations increased from 3.4 mM (0.17 
mmol) to 69.5 ± 3.1 mM (3.48 ± 0.16 mmol), whereas acetate was no longer detected.  
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Figure 5.6. Fermentation of CO by the CO-enriched mixed culture in medium not buffered at 
initial pH (pHi) = 7.5 ± 0.1. A) pH values over time. B) Products from CO-metabolism. C) 
Relative abundance of main phylotypes detected on day 50 of fermentation. 
“U_” stands for unidentified microorganism within the taxonomic classification.  
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Figure 5.7. Fermentation of CO in a batch membrane reactor with continuous CO-supply in 
phosphate-buffered medium. (A) H2, CO2, and CO measured in the headspace, and acetate and 
ethanol concentrations in the liquid phase. (B) pH values over time. (C) Relative abundance of 
main phylotypes detected during fermentation. 
The data in A-B are averages of at least two measurements. 
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This high degree of ethanol production was maintained for one more week, until 
operation of the batch reactor was stopped. Continuous delivery of CO in a batch system 
increased the availability of electrons for reduction reactions, which promoted the 
reduction of the C═O group in acetate to a CH2 group to form ethanol.  In this regard, 
increased ethanol production has been observed at higher CO and syngas partial pressures 
or reducing-agent concentrations (Abubackar et al., 2012; Hurst and Lewis, 2010; Ramió-
Pujol et al., 2015a; Younesi et al., 2005). 
As shown in Figure 5.7C, the microbial community in the batch reactor with 
continuous CO-supply was distinct from the microbial communities identified in serum 
bottles with CO and CO-rich mixtures (Figure 4.7 and Figure 5.6C), despite being 
inoculated with the same mixed culture. Phylotypes associated with the acetate producer 
Geosporobacter (order Clostridiales) (Klouche et al., 2007) were < 0.1 % abundant in 
serum bottles (with buffered and non-buffered media), but dominated the identified 
microbial community in the batch reactor, both in the liquid phase and in the fibers, after 
30 days of fermentation. When the switch from acetate to ethanol production was 
observed, the relative abundance of Geosporobacter phylotypes, in the liquid phase, 
increased from 34 % to 70 %. Porphyromonadaceae (order Bacteroidales) were also 
detected at high abundance during fermentation with continuous CO-supply (2 – 36 %). 
Phylotypes associated with these acetate producers were also detected in fermentation of 
CO and CO-rich gas mixtures in serum bottles, at considerable abundance (up to 4.4 %, 
Figure 4.7 and Figure 5.6C). Other phylotypes related to bacteria that ferment acetate 
became highly abundant in fermentation with continuous CO-supply, including the 
aerobes Achromobacter and Lysinibacillus. These microbes might have been enriched 
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with the small amounts of O2 introduced after sampling, or they might have facultative 
metabolism. Despite the abundance of these “contaminating” microorganisms, ethanol 
concentrations and CO-consumption rates were high, underscoring the advantages of 
using mixed microbial communities for robust industrial applications. In summary, 
increasing the number of electrons (as CO) directly delivered to microorganisms 
increased ethanol production at neutral pH, and promoted a different microbial 
community structure, compared to CO fermentation in serum bottles. 
Conclusions  
Addition of H2 and CO2 during CO fermentation affected the metabolism of the 
carboxidotrophs. Pure cultures obtained from a CO-enriched mixed culture were more 
sensitive to changes in syngas components than the CO-enriched mixed culture. The 
mixed culture showed several advantages over the pure cultures as it adjusted to changes 
in syngas components and consumed CO along with H2 and CO2. While acetate was the 
main end-product in serum bottles with a single addition of CO or syngas (PCO = 0.3 
atm), the metabolism of the mixed culture switched to ethanol production, at neutral pH, 
after increasing the reduction potential of the medium through continuous CO-supply in a 
batch reactor. These results provide useful insights towards the sustainable production of 
acetate, ethanol, and other products from syngas, particularly when the composition of 
syngas varies depending on the type of feedstock gasified and the gasification conditions. 
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CHAPTER 6 Impact of carbon monoxide partial pressures on methanogenesis 
and medium chain fatty acids production during ethanol fermentation 
In Chapter 5, high ethanol concentrations were achieved by the CO-enriched culture in a 
batch reactor. However, under most set-ups and environmental conditions tested in 
Chapters 4 and 5, low ethanol concentrations along with higher acetate production were 
attained. This chapter describes the upgrade of low amounts of ethanol to medium-chain 
fatty acids via CO fermentation. This chapter is published in an altered format in 
Biotechnology and Bioengineering: 
Esquivel-Elizondo, S., Miceli III, J., Torres, C. I., & Krajmalnik-Brown, R. 2017. Impact 
of carbon monoxide partial pressures on methanogenesis and medium chain fatty acids 
production during ethanol fermentation. https://doi.org/10.1002/bit.26471  
Introduction 
Fermentation of organic (e.g., biomass waste) and/or inorganic substrates (e.g., carbon 
monoxide, hydrogen, and carbon dioxide) can be used for the generation of biofuels, such 
as methane and ethanol (Esquivel-Elizondo et al., 2016; Hussain et al., 2011; Kennes et 
al., 2016; Younesi et al., 2005), and industrial feedstock, including fatty acids 
(Bengelsdorf et al., 2013). While short-chain fatty acids (SCFA, those with ≤ 4 carbons) 
are important in many industries (BASF, https://www.basf.com), medium chain fatty 
acids (MCFA, those with > 4 carbons) are important precursors to liquid biofuels because 
they have higher fuel value and are easier to separate due to their hydrophobicity (Jong 
and Ommen, 2015; Steinbusch et al., 2011, 2008; Zhang et al., 2013). Upgrading SCFAs 
to MCFA is therefore of great scientific and economic interest.  
Although ethanol is a biofuel by itself, dilute ethanol solutions have been 
upgraded to MCFA by fermentative mixed microbial cultures (Vasudevan et al., 2014). 
Fermentation of ethanol generates methane, acetate, H2, and CO2 (Miceli III et al., 2016). 
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Methanogenesis is an electron sink in mixed culture systems aimed at fatty acids 
production (Steinbusch et al., 2011; Vasudevan et al., 2014). Because of this, methane 
production is commonly inhibited with 2-bromoethanesulfonic acid (BES) in laboratory 
experiments (Le Van et al., 1998; Luo et al., 2013; Parameswaran et al., 2009; Sipma et 
al., 2003), but, BES is not a cost effective inhibitor at scale. Sustainable inhibitors should 
increase production of desired products while inhibiting methanogenic activity and 
minimizing effects on the environment (Miceli III et al., 2016).   
Carbon monoxide (CO) has proven to be more inhibitory to methanogenesis than 
to hydrogenogenesis (i.e., H2-production), acetogenesis and solventogenesis (i.e., acetate 
and alcohol production, respectively) at mesophilic and thermophilic temperatures (Ferry, 
2010; Guiot et al., 2011; Rother and Metcalf, 2004; Sipma et al., 2003). A few studies on 
this topic have reported enhancement of acetogenesis and inhibition of methanogenesis at 
CO partial pressures (PCO) ≤ 0.3 atm (Joana I. Alves et al., 2013; Guiot et al., 2011; Luo 
et al., 2013). Contrary to methanogens, several fermenters within the order Clostridiales 
have shown no inhibition by CO (Esquivel-Elizondo et al., 2017; Hussain et al., 2013; 
Luo et al., 2013).  
Anaerobic carboxidotrophs directly metabolize CO to H2:CO2, acetate, butyrate, 
ethanol and butanol (Table 2.1). Besides the direct conversion of CO, fatty acids and 
alcohols can also be indirectly produced from CO via the water gas shift reaction 
(CO+ H!O → H! + CO! ) in a 2-step process. First, carboxidotrophic H2-producers 
metabolize CO to H2:CO2, and then CO-tolerant fermenters utilize this H2:CO2 for 
ethanol, acetate, and other fatty acids production (Fischer et al., 1932, 1931). CO 
metabolites are involved in chain elongation reactions. Microbial elongation of acetate (2 
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carbons) to propionate (3 carbons), butyrate (4 carbons), and MCFA using H2:CO2 and/or 
ethanol as electron and carbon donors has been demonstrated (Diender et al., 2016b; 
Grootscholten et al., 2013; Hanno Richter et al., 2016; Steinbusch et al., 2011). The 
stoichiometry of these elongation reactions and the corresponding ∆G°' values (kJ/e− 
equivalent) are summarized in Table 6.1. 
Table 6.1. Reactions involved in elongation of short chain fatty acids with ethanol or H2 and CO2. 
 ∆!°!  (kJ/e− eq.)*  
eqq) 
 acetate + 6 H! + 2 CO! → butyrate + 4 H!O −11.9 Eq. 1 3 acetate + 2 !! + 4 H! → caproate + 4 H!O −12.1  Eq. 2 butyrate + 6 H! + 2 CO! → caproate + 4 H!O −11.9  Eq. 3 acetate + 3 H! +  CO! → propionate + 2 H!O  −11.9 Eq. 4 propionate +  6H!  + 2CO! → valerate + 4H!O −11.9 Eq. 5 valerate +  6H!  + 2CO! → heptanoate + 4H!O −11.9 Eq. 6 ethanol +  acetate ⟶  butyrate +  H!O  −3.2 Eq. 7 ethanol +  propionate ⟶  valerate +  H!O −3.2 Eq. 8 ethanol +  butyrate ⟶  caproate +  H!O −3.2 Eq. 9 6 ethanol +  3 acetate ⟶ 3 butyrate +  caproate +  1 H! + 2 H! + 4 H!O −2.6 Eq. 10 ethanol +  valerate ⟶  heptanoate +  H!O −3.2 Eq. 11 
*Calculated from free energies of formation at 25 °C, and electron equivalency of moles of electron donor 
(i.e., H2 or ethanol). 
e− eq = electron equivalent 
 
 Because CO is a source of both carbon and electrons (1 mol of C and 2 e− per 
mol of CO) that can be metabolized to H2:CO2, alcohols, and SCFA and it is toxic to 
most methanogens (at certain concentrations, as discussed in Chapter 4), CO should be a 
suitable electron donor for the production and elongation of fatty acids by mixed cultures. 
Addition of CO is a promising sustainable strategy for MCFA production since CO is a 
waste product generated in the gasification of coal or recalcitrant biomass waste (Daniell 
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et al., 2012). Production of caproate and alcohols from syngas (CO with H2 and CO2) was 
recently demonstrated by a syngas-enriched mixed culture (Ganigué et al., 2016), and in 
pure culture studies (Gildemyn et al., 2017). In addition, co-culture experiments have 
shown that CO can be converted to ethanol and then to MCFA in a controlled 
environment (Diender et al., 2016b; Hanno Richter et al., 2016). However, the 
environments required for each step are not ideal for the opposite microbial partner, 
posing large challenges to further optimization and scale-up with the co-culture process 
(Diender et al., 2016b; Hanno Richter et al., 2016). Besides identification or use of 
Clostridium spp. (Ganigué et al., 2016), the structure of mixed microbial communities 
involved in fatty acid elongation processes from CO (or syngas) has not been explored, 
and other key bacteria have not been identified. Additionally, the effect of PCO on MCFA 
production has not been addressed. Understanding the effect of PCO during co-
fermentation of organic substrates with CO is important to identify an appropriate PCO to 
channel the electrons to desired products. 
The main objectives of this study were i) to identify the minimum PCO required to 
inhibit methanogenesis while enhancing fementation, ii) to determine if the inhibition of 
methanogenesis through continuous addition of CO would lead to increased acetate or 
MCFA production by a methanogenic mixed culture, and iii) to study the structure of the 
microbial communities involved in fermentation of ethanol and CO at PCO ≤ 0.3 atm. I 
investigated the conversion of ethanol and CO to MCFA by a methanogenic mixed 
culture (not previously exposed to CO), in batch bottles, at CO partial pressures 
previously reported to inhibit methanogenesis (≤ 0.3 atm).  
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Methodology 
Cultures and environmental conditions 
Fermentations of ethanol and CO at 30 °C at different partial pressures of CO (0, 0.08, 
0.11, 0.2 and 0.3 atm) were performed in serum bottles with a total volume of 255 mL 
and a final total pressure of 1 atm. 73 mL of anaerobic liquid media (containing: 12.04 g 
L−1 Na2HPO4, 2.048 g L−1 KH2PO4, 0.5 g L−1 NH4Cl, 0.2 g L−1 L-cysteine, and 10 mL 
L−1 Wolfe’s trace minerals solution) were transferred into the bottles while being 
continuously sparged with ultra high pure (UHP) N2 (Praxair, Danbury, CT). The serum 
bottles were completely gas-tight, sealed with butyl rubber stoppers and aluminum seals, 
and sterilized in an autoclave at 121 °C for 30 minutes. The inoculum (7 mL per bottle) 
was anaerobic sludge obtained from a full-scale anaerobic digester treating primary 
sludge at the Northwest Water Reclamation Plant (NWWRP) at Mesa, Arizona, USA. 
Since CO was rapidly consumed during fermentation, PCO was re-adjusted to 
initial values every 1-2 days after the gas (200 µL) and liquid (1.5 mL) sampling. To 
adjust PCO, serum bottles were sparged with UHP N2 for 15 minutes. Then, a volume of 
N2 (19 ± 1, 37 ± 2, 55 ± 2, or 73 ± 2 mL depending on target PCO) was removed from the 
serum bottles headspace, using a 50 or 100 mL gas tight syringe (Hamilton Company, 
Reno, Nevada). The removed gas was replaced with the same volume of ultra high pure 
CO (Praxair, Danbury, CT), maintaining atmospheric pressure and achieving the desired 
PCO. The initial concentration of ethanol in all experiments, including the control at PCO= 
0 atm, was 11.2 ± 0.3 mM (132.6 ± 3.6 e− meq. L−1). After 19 days of fermentation, more 
ethanol (equivalent to an increase in concentration of 10.6 ± 0.2 mM or 127.6 ± 2.4  e− 
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meq. L−1) was added to the cultures to prolong fermentation (up to 36 days) and to trigger 
the fatty acid elongation process. Serum bottles were incubated at 30 °C and horizontally 
shaken (to increase CO dissolution) at 125 rpm in an incubated shaker (MaxQ 6000, 
Thermo Scientific). Initial pH values were 7.4 ± 0.1. The experiment stopped when 
methane production was no longer detected in the controls without CO (PCO = 0 atm). 
Each PCO and the controls were run and assessed in triplicates. 
Gas and liquid composition analyses 
Gas samples were analyzed for CO, H2, CO2, and CH4 concentrations using gas 
chromatography as described in Chapter 3. PCO was determined using Dalton’s Law of 
partial pressures. Production of gases and consumption of CO were calculated from the 
measured gas concentrations and the total gas volume, which included the headspace and 
gas produced (measured with 50 mL and 100 mL frictionless syringes). Liquid samples 
of the cultures were centrifuged at 10,000 rpm for 8 minutes using a benchtop micro-
centrifuge 5415 D (Eppendorf, Hauppauge, NY) to pellet biomass for DNA extraction. 
The supernatant of the pelleted samples was used for high performance liquid 
chromatography (HPLC) analyses of organic acids and alcohols (Chapter 3). 
DNA extraction and microbial community analysis  
DNA was extracted from pellets made from liquid samples using a QIAGEN DNeasy 
Blood and Tissue kit (Hilden, Germany), following the manufacturer’s instructions. Fresh 
lysis buffer (0.3 mg mL-1 achromopeptidase, 20 mg mL-1 lysosome, 20 mM Tris-HCl, 
and 2 mM EDTA) and a SDS solution (10%) were prepared for each extraction. DNA 
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was extracted from each of the triplicate cultures, and then pooled for the sequencing 
analysis. The mcrA gene, marker of methanogens, and the fthfs gene, marker of acetogens 
and other microorganisms that utilize the Wood-Ljungdahl pathway, were quantified via 
quantitative real-time PCR (qPCR) using SYBR green reactions as described in Chapter 
5. The primers (mlas and mcrA-rev for methanogens, and fhs1 and FTHFS-r for 
acetogens) and conditions used are described in (Steinberg and Regan, 2008) and (Xu et 
al., 2009), respectively. Each assay was performed in triplicate with a six-point standard 
curve along with the samples. 
To determine the bacterial community structures, DNA was sequenced using the 
Illumina MiSeq platform using bacterial primers 515F and 806R (Chapter 3). Raw 
sequences were submitted to NCBI Sequence Read Archive and are available under the 
Project ID PRJNA352409. Forward and reverse sequences (2 × 150 mode) were first 
paired (overlap ≥ 45 bp) using PANDASeq (Masella et al., 2012). Then, paired reads 
(average length 250 bp) were processed using the QIIME 1.9.0 pipeline (J Gregory 
Caporaso et al., 2010) as described in (Esquivel-Elizondo et al., 2016), and following 
recommendations in (Navas-Molina et al., 2013). The average number of high-quality 
reads per sample was 75,969 ± 23,853. 
Electron balances and statistical analysis 
Electron balances were performed, as described in Chapter 4, in order to understand the 
distribution of electrons from the substrates to end products at different PCO. The 
distribution of electron miliequivalents (e− meq.) to end products is shown as a 
percentage of the total e− meq. provided as substrate. 
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Pearson’s parametric correlation among SCFA, MCFA, and most abundant 
phylotypes detected through high throughput sequencing was performed using the 
Statistical Package for the Social Sciences (SPSS) software. Bootstrapping (1000 
samples) was performed at a 95% confidence level; p < 0.05 was accepted as significant. 
Results and Discussion 
CO was metabolized to H2:CO2, methane, and fatty acids 
Ethanol (~11 mM) was added twice (at day 0 and 19) during 36 days of batch 
fermentation, but CO partial pressures were continuously maintained through the addition 
of CO. As summarized in Table 6.2, higher PCO led to greater amounts of carbon and 
electrons being added to fermentation cultures. In cultures with CO, a total of 184 – 471 
mmol L−1 of carbon and 540 – 1116 e− meq. L−1 were available for fermentation, 
compared to 46 mmol L−1 of carbon and 274 e− meq. L−1 in the controls without CO. 
Table 6.2. Total ethanol and CO added to cultures at different partial pressures of CO (PCO), and 
carbon to electron (C/e−) ratios  
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The results of the continuous addition of carbon and electrons (in the form of CO) 
on the conversion of ethanol and CO to CH4, H2, CO2, acetate, and other fatty acids 
during fermentation of ethanol are provided in Figure 6.1. Total methane produced in 
cultures with CO was higher than the controls without CO (Figure 6.1A), indicating that 
CO was indirectly (via H2 and CO2), or possibly directly, metabolized for methane 
production, although direct conversion of CO to CH4 is not common (Fischer et al., 1932; 
Navarro et al., 2016; Sipma et al., 2003). Despite increased addition of carbon and 
electrons at increased PCO (Table 6.2), the total amount of methane produced (32.3 ± 2.4 
mmol L−1) and the number of methanogens (5.5 ± 2.2 × 10^8 mcrA copies mL−1), based 
on qPCR analysis of the mcrA gene (Figure 6.2A), were similar at all PCO tested. Hence, 
the additional carbon and electrons provided at increased PCO were channeled to other 
processes, such as fatty acid production. Other than acetate, SCFAs were not detected in 
the controls, but were produced in cultures with CO and their concentrations increased 
with increasing PCO (Figure 6.1B-C). Some bacterial species are capable of direct 
conversion of CO to butyrate (Grethlein et al., 1991; Liou et al., 2005; Park et al., 2013). 
Thus, butyrate production could have occurred directly from CO or, similar to propionate 
(Table 6.1, equation 4), from CO-derived H2:CO2 and ethanol (Table 6.1, eqs. 1 & 7).   
In the late stages of the experiments (after day 29) concentrations of ethanol increased in 
cultures at PCO ≥ 0.11 atm (Figure 6.3), which indicates that ethanol, a MCFA precursor, 
was produced from CO and/or CO-derived H2 and CO2. Additionally, MCFA were not 
detected at PCO = 0.08 atm or in the control cultures (Figure 6.1D-E), coinciding with 
observations of ethanol production in cultures at higher PCO. 
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Figure 6.1. Total methane (A), propionate (B), butyrate (C), valerate (D), caproate (E), acetate 
(F), carbon dioxide (G), and hydrogen (H) produced during fermentations of CO with ethanol at 
increased CO partial pressures (0 [control], 0.08, 0.11, 0.2 and 0.3 atm).  The values are averages 
of triplicate cultures. Error bars indicate one standard deviation. Note that the Y-axis is different 
for each compound. 
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Figure 6.2. Gene copies of A) the mcrA gene (marker of methanogens) and B) the fthfs gene 
(marker of microorganisms with the Acetyl-CoA pathway) during fermentations of CO with 
ethanol at increased CO partial pressures. The data are averages of triplicate qPCR assays on 
pooled DNA. 
Figure 6.1D-E shows that valerate and caproate were detected at PCO ≥ 0.11 atm 
and, similar to butyrate, their concentrations increased along with PCO. Heptanoate was 
also detected (up to 1.2 mM) in cultures at PCO ≥ 0.11 atm during the last 7 days of 
fermentation. In addition, traces of 1-butanol and t-butanol (~0.1 mM) were detected in 
cultures with CO at all PCO tested. Production of MCFA occurred only after the second 
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addition of ethanol (on day 19), which increased the available acetate, as seen in Figure 
6.1F. Acetate production trends at increased PCO were different from other fatty acids; 
total acetate production at PCO = 0.2 and 0.3 atm was similar to the control without CO 
and was lower than that at PCO = 0.08 and 0.11 atm, suggesting its consumption for 
MCFA production at higher PCO. The lowest total acetate produced (23.7 ± 2.9 mM), 
observed at 0.3 atm of CO, corresponded to the highest total propionate (12.5 ± 2.5 mM), 
butyrate (8 ± 0.4 mM), valerate (7 ± 0.4 mM), and caproate (4 ± 0.8 mM) produced. 
qPCR analysis of the fthfs gene (Figure 6.2B) suggests that, acetogens, carboxidotrophic 
acetogens, and other microorganisms that utilize the Acetyl-CoA pathway benefited from 
CO and CO-derived H2:CO2 and ethanol. Caproate produced in this mixed culture 
experiment (0.3 mmol) was up to 3 times higher than that produced by a co-culture of C. 
autoethanogenum with C. kluyveri in similar batch reactors with CO and initial acetate 
concentrations of 10 – 20 mM (Diender et al., 2016b); but 5 times lower than in 
fermentations of organic municipal solid waste with continuous addition of ethanol (10 – 
65 mM), where heptanoate and caprylate were also produced (Grootscholten et al., 2013).  
CO2 and H2 produced during fermentation increased with increasing PCO (Figure 
6.1G-H). However, total H2 measured in cultures with CO was lower than in the controls, 
suggesting that, in cultures with CO, H2 was consumed for SCFA and methane 
production, and at PCO ≥ 0.11 atm also for fatty acid elongation processes (Table 6.1, 
equations 1-6). Stoichiometric reactions for SCFA production and fatty acid chain 
elongation with H2 and CO2 (Table 2.1, eq. 2,9, Table 6.1, eq. 1-6) indicate that more 
moles of H2 are required than moles of CO2 per mole of product for fatty acid production.  
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Figure 6.3. Main metabolites produced (mmol) during fermentations of CO with ethanol at 
increased CO partial pressures (PCO): A) 0.08 atm, B) 0.11 atm, C) 0.2 atm, D) 0.3 atm, and E) 
Control, no CO.  
The PCO was not constant but continuously maintained. Ethanol (10.9 ± 0.4 mM) was added at 
days 0 and 19. Data are averages of triplicate cultures. Error bars indicate one standard deviation.
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Moreover, greater amounts of CO2 present, compared to H2, and the increased CO2 
production at higher PCO are in accordance with stoichiometric CO conversions to 
ethanol, methane, acetate, and butyrate (Table 2.1), which indicate that CO2, and no H2, 
is produced from CO (except in the water gas shift reaction). 
In summary, MCFA (valerate, caproate, and heptanoate) were produced from CO 
in co-fermentation with ethanol at PCO ≥ 0.11 atm. Ethanol was required as precursor for 
MCFA production, since MCFA were only detected after the second addition of ethanol. 
Production of MCFA most likely occurred via elongation from acetate produced from 
ethanol (and CO) with H2, CO2, and possibly ethanol produced from CO, since these 
carboxylic acids were only detected at higher PCO. Although concentrations of butyrate 
and MCFA achieved in this small batch study are low for industrial applications, my 
results demonstrate the production of fatty acids of 3-7 carbons from CO and low 
amounts of ethanol by a mixed culture in a one-vessel reactor. Previous work achieved 
caproate and higher alcohols production from syngas by a mixed culture in a 2-step 
process (Ganigué et al., 2016). Similarly, MCFA were produced by coupling syngas 
fermentation effluent, by Clostridium ljungdahlii, to chain elongation reactors with a 
mixed culture (Vasudevan et al., 2014) or Clostridium kluyveri (Gildemyn et al., 2017). 
Addition of CO increased the distribution of electrons to fatty acids of 3-7 carbons, and 
decreased the distribution to acetate and methane 
Since the amount of carbon and electrons was different at each PCO tested (Table 6.2), the 
best way to compare changes in fatty acid production and possible inhibition of 
methanogenesis at increased PCO is through an electron balance. This normalization, 
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presented in Figure 6.4, provides an analysis of the electron distribution from substrates 
to end products, regardless of the initial amount of electrons (or substrate) available. 
Although 4 times more methane was produced in cultures with CO compared to the 
controls (Figure 6.1A), the fraction of electrons channeled to methane decreased with 
increasing PCO (Figure 6.4). There was one exception for this methane production trend, 
at PCO = 0.08 atm  (Figure 6.4B), which was the highest methane producing condition 
among fermentations with CO and ethanol. After 19 days of fermentation, 
methanogenesis was enhanced at this low PCO (0.08 atm), but was inhibited at PCO ≥ 0.11 
atm. Previous work (Joana I. Alves et al., 2013; Guiot et al., 2011; Luo et al., 2013) 
reported that methanogens thrive at low PCO, mainly benefiting from acetate, H2, and CO2 
produced from CO, but that they are completely inhibited by the time CO reaches PCO ~ 
0.3 atm. Higher PCO was required to inhibit methanogens in granular sludge (Sipma et al., 
2003), or after an acclimation period (Chapter 4). 
While the fraction of electrons going to methane decreased, electrons channeled 
to acetate increased with the addition of CO (from 13% without CO to 16 – 24% with 
CO) during the first 19 days of fermentation, when isobutyrate and MCFA were not 
detected (Figur 6A). Similarly, previous studies reported the increase of acetate 
production (and decrease in methane production) at increasing PCO (Joana I. Alves et al., 
2013; Guiot et al., 2011; Luo et al., 2013). However, after the second addition of ethanol, 
which triggered the production of MCFA at PCO ≥ 0.11 atm, the fraction of electrons 
going to acetate as end product decreased as PCO increased (Figure 6.4B); from 49% in 
the control, to 18 – 4% at 0.08 – 0.3 atm. The final distribution of electrons to acetate 
decreased because the distribution of electrons to fatty acids formed from the elongation  
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Figure 6.4. Electron balances. Electron distribution from electron donors (ethanola and CO) to 
end products during A) 0-19 days, and B) 20-36 days of fermentation at different CO partial 
pressures (PCO = 0, 0.08, 0.11, 0.2 and 0.3 atm). The data are averages of triplicate cultures. *PCO 
adjusted every 1-2 days. 
a Ethanol produced could not be differentiated from ethanol not consumed. 
Unaccounted electrons include those used for biomass production. 
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of acetate (i.e., butyrate and caproate) increased. Valerate and heptanoate production 
occurs from elongation of propionate with H2 and CO2 or with ethanol (Table 6.1). 
Accordingly, the distribution of electrons to propionate, in cultures with CO, decreased 
from 8 – 11% on day 19 of fermentation (Figure 6.4A), to 0 – 5% on day 36 (Figure 
6.4B), an indication that propionate was also metabolized for larger fatty acids 
production.  
In this study, complete inhibition of methanogenesis was not achieved. However, 
methanogenesis was partially inhibited during fermentation at PCO ≥ 0.11 atm (Figure 
6.4B). My findings indicate that, for future applications, continuous systems with 
increased dissolved CO concentration and with recirculation of CO, such as membrane 
reactors (Munasinghe and Khanal, 2012), might be a better option to completely inhibit 
methanogenic activity, while increasing the distribution of electrons from CO to MCFA. 
Addition of CO selected for carboxidotrophs and MCFA-producers within the 
Clostridiales order 
Figure 6.5 shows the major phylotypes detected (at genera level) during fermentation of 
CO and/or ethanol at increased PCO, using 16S rRNA-based community analysis. The 
addition of CO changed the microbial community structure considerably by enriching 
bacteria within the Order Clostridiales (represented in different shades of purple/pink in 
Figure 6.5); Their 16S rRNA sequences increased in relative abundance from 3% in the 
inoculum to ~8% in the controls and up to 61 – 76 % in fermentations with CO. The 
increased relative abundance of phylotypes within Clostridiales (typical fermenters 
(Dürre, 2005)) with CO correlates with the higher distribution of electrons to fatty acids 
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with ≥ 3 carbons observed in the presence of CO. Clostridiales were also reported 
abundant (up to 57% of the identified sequences) in chain elongation processes supplied 
with different combinations of fatty acids and alcohols along with ethanol or acetate 
(Coma et al., 2016). 
 
Figure 6.5. Main phylotypes detected, at genera level, during fermentations of CO with ethanol 
(at days 0, 19 [before second addition of ethanol], 26 and 36) at increased CO partial pressures 
(PCO = 0, 0.08, 0.11, 0.2 and 0.3 atm).  
Phylotypes at the order level are indicated with arrows. Relative abundances are averages of 
triplicate cultures (combined DNA). *The community structure at day 0 is an average of all 
triplicate tests, which were inoculated with the same sludge sample. “U_” stands for unidentified 
microorganism within the taxonomic classification. 
 
Many Clostridium species are known to metabolize CO to acetate and/or butyrate 
(Gaddy and Clausen, 1992; Liou et al., 2005; Lux and Drake, 1992b). Although C. 
kluyveri is sensitive to CO (Diender et al., 2016b), it is usually detected or chosen for in 
fatty acid elongation reactors (Coma et al., 2016; Ganigué et al., 2016; Zhang et al., 
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2013).  In this study, phylotypes associated with Clostridium spp. were only detected at 
PCO = 0.2 and 0.3 atm, at a relative abundance between 2 and 12%. Clostridium 
phylotypes were not detected at PCO = 0.11 atm, although butyrate and MCFA production 
at this PCO were considerable. Hence, other microorganisms, besides Clostridium spp., 
were involved in CO oxidation and MCFA production in these experiments.  
The main plausible carboxidotroph detected in our cultures was Acetobacterium, 
within Clostridiales (Figure 6.5). Several Acetobacterium spp. are known to consume 
CO for acetate production (Kotsyurbenko et al., 1995; Sharak Genthner and Bryant, 
1987; Sikorski et al., 2010; Simankova et al., 2000; Traunecker et al., 1991). Moreover, 
an Acetobacterium sp. isolated from sludge collected at the same wastewater treatment 
plant as this experiment produced acetate and ethanol from CO (Chapters 4 & 5). Other 
potential carboxidotrophs detected in these experiments were Pleomorphomonas, Blautia, 
and Oscillospira. Phylotypes most closely associated to Pleomorphomonas, a 
hydrogenogenic carboxidotroph (Chapters 4 & 5) were only detected (up to 3.3%) after 
the second addition of ethanol (second phase of fermentation) at PCO of 0.08 – 0.2 atm. 
This suggests that Pleomorphomonas might have been involved in the fatty acid 
elongation process, through generation of H2:CO2, but was inhibited at PCO = 0.3 atm. 
Similarly, phylotypes closely related to Blautia, a carboxidotrophic acetogen (Lorowitz 
and Bryant, 1984), were not detected in the controls, but only during the second phase of 
fermentations with CO (3.5 – 27.9%), during MCFA production. In addition, phylotypes 
most closely related to Oscillospira were only abundant (2.5 – 9.2%) at PCO of 0.11 – 0.3 
atm. Oscillospira phylotypes were detected (~5%) in the mesophilic CO-consuming 
culture described in Chapter 4.  
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Phylotypes associated with Peptostreptococcaceae were abundant in the control 
and their relative abundance increased with higher PCO. Peptostreptococcus within the 
Peptostreptococcaceae produces caproate and isovalerate (Slobodkin, 2014). As shown 
in Figure 6.6, these phylotypes and those of Lachnospiraceae significantly correlated (R 
= 0.65 – 0.74, p < 0.01) with production of MCFA. Moreover, these phylotypes along 
with MCFA significantly correlated (R = 0.49 – 0.81, p < 0.04) with potential 
carboxidotrophs (i.e., Oscillospira and Blautia), further suggesting that products of CO 
metabolism (i.e., H2:CO2, ethanol, acetate, and butyrate) were utilized for MCFA 
production by microorganisms within the Clostridiales, possibly including 
Peptostreptococcaceae and Lachnospiraceae.  
 
Figure 6.6. Parametric correlation (Pearson’s R coefficient) of fatty acids and main phylotypes 
detected in fermentations of CO with ethanol at increased CO partial pressure (PCO).  
* Correlation is significant at the 0.05 level (2-tailed).  ** Correlation is significant at the 0.01 
level (2-tailed) 
 
The only methanogens detected with the primers used were the hydrogenotrophic 
Methanospirillum. Phylotypes of Methanospirillum were at minor relative abundance in 
the control, but they were significantly abundant in fermentations with CO at all PCO 
tested, suggesting that these methanogens benefited from H2 and CO2 produced from CO 
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by hydrogenotrophic carboxidotrophs (Table 2.1, equations 1 & 19). Accordingly, 
Methanospirillum phylotypes had a significant positive correlation with the 
hydrogenogen Pleormorphomonas and showed a negative correlation (R = −0.21 – −0.1) 
with potent MCFA producers (Peptostreptococcaceae and Lachnospiraceae), which 
thrived with the inhibition of methanogenesis.  
Microbial community structures at different PCO were analyzed using principle 
coordinate analysis based on weighted (taxa at high relative abundance) and unweighted 
(taxa at low relative abundance) UniFrac, and the results are plotted in Figure 6.7. The 
first principal component (PC1) axis explains the maximum amount of variation present 
in the samples, followed by the second axis (PC2), and the third (PC3). Accordingly, the 
weighted analysis, which considers the relative abundance of OTUs and their phylogeny, 
captured 84.7% of the variability. This indicates that the most abundant taxa (presented in 
Figure 6.5) were responsible for the differences in the microbial communities under 
different PCO. Moreover, microbial communities from the two lowest PCO (0.08 and 0.11 
atm) (grey ovals), and the two highest PCO tested (0.2 and 0.3 atm) (light blue ovals) 
formed two groups with high phylogenetic similarity, both distinct from the control (red 
oval), according to both weighted and unweighted analysis. This suggests a strong pattern 
based on taxa at high and low relative abundances. 
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 Weighted Unweighted 
  
Figure 6.7. Principal coordinate analyses (weighted and unweighted) of microbial diversity 
among samples (i.e., beta diversity) collected during co-fermentation of CO with ethanol at 
different partial pressures of CO.  
The data are representative of triplicate cultures. 
Day 0: representative of all conditions; all 5 sets of experiments were inoculated with the same 
sludge sample. Ovals highlight samples that clustered together based on similarities in major 
(weighted) and minor (unweighted) taxa.  
Conclusions 
Increased PCO during fermentation of CO (140 – 428 mmol L−1) with ethanol (22 mmol 
L−1) decreased the fraction of electrons directed to methanogenesis and acetogenesis and 
increased production of fatty acids with 3-7 carbons (i.e., propionate, butyrate, 
isobutyrate, valerate, caproate, and heptanoate). The inhibition of methanogenesis by CO 
(PCO≥ 0.11 atm) lead to this shifts in products, along with direct fatty acids production 
from CO and elongation of acetate, likely, with electrons and carbon from ethanol and 
other CO metabolites.  The inhibition of methanogenesis by CO shows benefits of using 
CO as a methanogen inhibitor in mixed anaerobic systems, where methanogenesis is an 
electron sink.  Besides systems aimed at fatty acid elongation to generate biofuel 
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precursors, our results are also important for biotechnological systems where fatty acids 
production are preferred over methanogenesis, such as in microbial fuel cells 
(Parameswaran et al., 2009).  
In addition, for the first time we show a mixed microbial community generating 
MCFAs from CO and ethanol in a single vessel. Bacteria within Clostridiales known to 
anaerobically metabolize CO (Acetobacterium, Pleomorphomonas, Oscillospira, Blautia, 
and Clostridium) and to produce fatty acids of 3 or more carbons (Clostridium, 
Peptostreptococcaceae, Lachnospiraceae, and other Clostridiales) were relatively 
abundant in fermentations with CO. These microorganisms likely participated in acetate 
and CO conversion to MCFAs.  
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CHAPTER 7 Anaerobic carbon monoxide metabolism by Pleomorphomonas 
carboxidotrophicus sp. nov., a new mesophilic hydrogenogenic carboxidotroph 
Besides their high abundance in CO- and syngas-metabolizing cultures (Chapters 4-5), 
Pleomorphomonas phylotypes were detected in chain elongation systems (Chapter 6), 
confirming their importance for mesophilic CO/syngas fermentation. This chapter 
describes the CO and glucose metabolism of a Pleomorphomonas-like isolate (Chapter 4) 
along with its phenotypic and phylogenetic characterization. 
Introduction 
Carbon monoxide (CO) is a toxic and regulated atmospheric pollutant (USEPA; 
https://www.epa.gov/co-pollution).  Anthropogenic activity (e.g., fossil fuel combustion 
(Logan et al., 1981)) and natural oxidation of hydrocarbons, vegetation, and oceanic and 
volcanic emissions (Ragsdale, 2004) account for the global emission of more than 109 
tons of CO annually (Granier et al., 2011; USEPA, 2000). Despite high global emissions, 
atmospheric CO levels remain low (0.06-0.20 ppm in the Northern Hemisphere and 0.03-
0.065 ppm at the South Pole (IPCC, 2001; Khalil and Rasmussen, 1988)). Two processes 
are responsible for maintaining these low atmospheric CO concentrations: reactivity of 
CO with the hydroxyl radical (OH) to produce H2 and CO2, and consumption of CO by 
biota such as microorganisms, molds, and plants (Feilberg et al., 2002; Inman et al., 
1971).  
Despite its toxicity, select groups of microorganisms, termed as carboxidotrophs, 
are capable of CO oxidation for energy conservation and growth. The metabolism of 
carboxidotrophs in oceans and soils is probably the most significant sink of CO in nature, 
reducing natural emissions to the atmosphere and removing up to 10% of annual 
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emissions from Earth’s lower atmosphere (Bartholomew and Alexander, 1979; Gary M. 
King, 1999). Carbon monoxide can serve as both a carbon and electron source for 
microorganisms in aerobic and anaerobic environments. Aerobic carboxidotrophy 
produces CO2 and biomass (King and Weber, 2007). On the other hand, anaerobic 
carboxidotrophy generates various end products of interest to the biotechnology industry, 
including biofuels (e.g., hydrogen, methane, and ethanol) and chemical feedstock (e.g., 
carboxylic acids) (Grethlein et al., 1991; Luo et al., 2013; Vega et al., 1989a, 1989c). 
Bioconversion of CO to biofuels and chemicals is possible because anaerobic 
carboxidotrophs couple CO-oxidation (via a carbon monoxide dehydrogenase (CODH)) 
to respiratory processes, such as proton and CO2 reduction (Diekert and Thauer, 1978; 
Yagi, 1959). 
Anaerobic hydrogenogenic carboxidotrophs are microorganisms that couple CO-
oxidation with the reduction of protons to generate H2 through the water gas shift 
reaction: CO+ H!O → H! + CO! (Hirsch, 1968). These carboxidotrophs are important in 
biotechnology processes aimed at the conversion of CO-rich gases (e.g., syngas) into 
useful products. Syngas is a waste gas mainly composed of CO, H2, and CO2 and 
produced in the gasification of biomass waste. In CO and syngas fermentation, 
hydrogenogenic carboxidotrophs establish partnerships with hydrogenotrophic 
microorganisms, such as methanogens and fermenters, for methane, ethanol, and 
carboxylic acid production (Drake, 1994; Fischer et al., 1932). Most previously described 
hydrogenogenic carboxidotrophs are thermophiles, belonging to the taxa Firmicutes, 
Dictyoglomi, Euryarchaeota, and Crenarchaeota (Sokolova et al., 2009).  Anaerobic CO 
conversion to H2 in mesophilic environments is far less common.  Few mesophiles have 
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been identified as anaerobic hydrogenotrophic carboxidotrophs. These mesophiles are all 
phototrophic Proteobacteria and include the Betaproteobacterium Rubrivivax gelatinosus 
(Uffen, 1976), the Gammaproteobacterium Citrobacter amalonaticus Y19 (Jung et al., 
1999b), and the Alphaproteobacteria Rhodospirillum rubrum (Ensign and Luddens, Paul, 
1991; Kerby et al., 1995) and Rhodopseudomonas palustris (Jung et al., 1999a). Despite 
aerobic carboxidotrophy being widespread among the Proteobacteria (King and Weber, 
2007; Tolli et al., 2006), the aforementioned mesophiles are the sole Proteobacteria 
reported to grow anaerobically with CO. Nonetheless, Alphaproteobacteria have been 
detected at high relative abundance (>40%) in mesophilic microbial fuels cells fed CO 
(Hussain et al., 2013). Hence, it is possible that besides aerobic CO-oxidation, anaerobic 
CO-oxidation is also widespread among the Alphaproteobacteria, and other clades of 
Proteobacteria. However, this has not been explored to date. 
The objectives of this work were to characterize a novel mesophilic 
Alphaproteobacterium, Pleomorphomonas carboxidotrophicus strain SVCO-16, and to 
study and compare its metabolism to phylogenetically related microorganisms. The strain 
was isolated from anaerobic sludge and it is capable of anaerobic CO conversion to H2 
and CO2 at mesophilic temperatures. Strain SVCO-16 is physiologically different to its 
phylogenetic relatives in the genus Pleomorphomonas in terms of anaerobic metabolism 
and/or CO-oxidation. To date, the genus Pleomorphomonas harbors only three N-fixing 
bacteria isolated from roots of rice plants (Xie and Yokota, 2005), root tissue (Madhaiyan 
et al., 2013), and a contaminated phototrophic culture (Im et al., 2006).   
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Methodology 
Isolation procedure and biomass production for the study 
Sludge was collected from an anaerobic digester treating primary sludge at the Northwest 
Water Reclamation Plant (NWWRP), Mesa, Arizona, USA (33°26'1"N   111°52'50"W). 
Sludge (2% v/v) was anaerobically incubated at 30 °C in autoclaved phosphate-buffered 
medium (PBM) (pH 7.2 ± 0.2), and gradually enriched, through serial transfers, with CO 
as sole carbon and energy source at increasing CO partial pressures (PCO) (Chapter 4). 
Isolates were obtained from the CO-enriched culture after anaerobically plating and 
picking single colonies as described in Chapter 4. After 2 months of incubation at 30 °C, 
cultured single colonies that showed H2 and CO2 production were re-plated, and new 
colonies were picked and transferred into fresh medium. The plating and colony growth 
process was repeated (> 5 times) until purity was confirmed through light microscopy 
and Sanger and 16S rRNA gene amplicon sequencing, as previously described (Chapter 
4). The isolate that showed 100% purity is referred to as strain SVCO-16.  
In order to build biomass to study the anaerobic metabolism of strain SVCO-16, 
the isolate was incubated in anaerobic PBM in 160 mL serum bottles (50 mL working 
volume) with: i) CO (PCO = 0.4 atm) as sole carbon and electron source for 120 days; ii) 
CO (PCO = 0.4 atm) and yeast extract (0.05% w/v) (CO:YE) for 60 days; and iii) glucose 
(20 mM) for 30 days. Confirmation of purity was done through Illumina® high 
throughput sequencing and GC and HPLC analyses. 
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Kinetics of anaerobic CO metabolism 
Growth kinetics of strain SVCO-16 consuming glucose (10 mM), CO (PCO = 0.4 atm), or 
CO (PCO = 0.4 atm) with yeast extract (0.05% w/v) were monitored for >40 days in 
anaerobic 25 mL serum bottles (10 mL PBM) inoculated with 50 µL of the strain grown 
with CO:YE (in 160 mL serum bottle to build biomass). Triplicate cultures were sampled 
(1 mL liquid sample and 200 µL of gas) no more than 4 times to avoid contamination and 
to minimize disturbance of the environmental conditions (i.e., PCO, temperature, and total 
pressure). Quantification of headspace gases (H2, CO, and CO2), and dissolved formate 
and acetate was achieved using gas (GC-TCD) and liquid chromatography (HPLC), 
respectively, as described in Chapter 3. All serum bottles were inoculated and sampled 
under sterile conditions, in a UV-sterilized flow hood, and incubated in the dark at 30 °C. 
The purity of the strain was verified through high throughput sequencing. 
Nitrate reduction, methane oxidation, and aerobic CO-metabolism tests 
Strain SVCO-16 was tested for nitrate reduction, aerobic and anaerobic methane 
oxidation, and aerobic growth with glucose or CO with yeast extract. For this, 50 µL of 
strain SVCO-16 grown with CO:YE (in 160 mL serum bottle to build biomass) were 
inoculated into 25 mL serum bottles with 10 mL anaerobic or aerobic PBM. Aerobic 
PBM was similar to anaerobic PBM except that it was not sparged with N2 nor reduced 
with L-cysteine and Na2S. For the nitrate reduction test, CO (PCO = 0.4 atm) and yeast 
extract (0.05% w/v) were used as carbon and energy sources. Nitrate concentrations (10 
mg NO3− L–1) were measured with a Hach nitrate test kit (2.3 – 8.8 % error) and a Hach 
DR3900 laboratory spectrophotometer, following protocols recommended by the 
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manufacturer. For aerobic and anaerobic methane oxidation tests, media was 
supplemented with 0.1% w/v of yeast extract and CH4 was added at a partial pressure of 
0.4 atm. Methane and O2 concentrations were estimated via gas chromatography (GC-
TCD) as described in Chapter 3. 
Heterotrophic growth using common fermentable carbon substrates 
To study the heterotrophic growth of strain SVCO-16, 50 µL of the strain grown in 
glucose was inoculated into serum bottles (25 mL total volume) with 10 mL anaerobic 
PBM and 10 mM concentration of the tested organic substrate (ethanol, lactate, malate, 
mannose, fumarate, fructose, glucose, glycerol, peptone, pyruvate, sucrose, tryptone, and 
xylose).  
Optimum temperature and pH and antibiotic resistance 
To determine optimum growth temperature (15 – 40 °C), optimum pH (5.0 – 9.8), and 
antibiotic resistance, a similar set-up as the one used for heterotrophic tests was used, 
except that glucose (15 mM) and CO (PCO = 0.4 atm) were the carbon substrates, and 50 
µL of strain SVCO-16 grown in CO:YE was used as inoculum. Glucose was used in 
these characterization experiments to increase biomass production and to enhance CO 
consumption. In the optimum-pH study, the pH was adjusted with filter-sterilized 
solutions of HCl and NaOH. For the antibiotic resistance test, antibiotics (ampicillin, 
carbenicillin, chloramphenicol, kanamycin, spectinomycin, tetracylcline, vancomycin, 
and zeocin) were added to serum bottles from freshly prepared filter-sterilized solutions 
to a final concentration of 100 µg mL–1. Cultures that showed antibiotic resistance were 
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then tested with 200 µg mL–1. Growth was confirmed by an increase in turbidity (OD600) 
detected after 20 days of fermentation using a Varian Cary 50 Bio UV-visible 
Spectrophotometer and through detection of H2 and acetate production via GC-TCD and 
HPLC (Chapter 3). All tests were performed in duplicates.  
Morphological characterization 
Morphology and internal anatomy of cells grown with either CO, CO:YE, or glucose in 
PBM were examined through scanning and transmission electron microscopy (SEM and 
TEM, respectively). For SEM, cells from strain SVCO-16 were fixed in 13 mm Whatman 
nuclepore polycarbonate track-etched hydrophilic membranes (Fisher Scientific, USA), 
with 2.5% (w/v) glutaraldehyde (SEM grade) in 0.1 M phosphate buffer (pH 7.2). Fixed 
cells were washed 3 times with phosphate buffer (0.1 M), and dehydrated in a graded 
series of ethanol solutions (25%, 50%, 75%, 100%) for 10 minutes at each concentration. 
Dehydration with 100% ethanol was repeated twice. Fixed and washed cells were further 
dehydrated with increasing concentrations of CO2 balanced with ethanol in a critical 
point dryer (CPD 020 Balzers Union). The final dehydration step was performed with 
100% supercritical CO2. Membranes with dehydrated cells were placed in aluminum 
stubs and coated with gold-palladium in a sputter coater.  Coated cells were imaged in a 
XL-Environmental Scanning Microscope operated at 10 mm and 10 kV. For TEM, cells 
were pelleted and re-suspended for fixation in 2.5% (w/v) glutaraldehyde. Pellets were 
washed with phosphate buffer (0.1 M, pH 7.2), mixed with 3% agarose, and post-fixed 
with 1% (w/v) osmium tetroxide in phosphate buffer for 2 hours. Cells were washed one 
more time with phosphate buffer and dehydrated in a graded series of acetone solutions. 
 147 
Dehydrated cells were gradually infiltrated with Spurr’s resin in a mold at 60 °C over 24 
h. Cells in hardened resin were dissected and flat embedded. 60 nm ultrathin sections 
were cut using a diamond cutter (Reichert-Jung Ultracut) and picked using copper mesh 
grids. Ultrathin cut sections were stained with uranyl acetate and lead citrate. Sections 
were imaged using a JEOL 1200EX transmission electron microscope.  
Metabolism of reference strains and cellular fatty acid profiles 
Reference strains Pleomorphomonas diazotrophica R5-392 (DSM No 25022) and 
Pleomorphomonas oryzae F-7 (DSM No 16300) were obtained from the German 
Collection of Microorganisms and Cell Cultures (DSMZ). P. diazotrophica and P. oryzae 
were cultured in aerobic PBM with glucose (10 mM) as the sole substrate. Aerobic and 
anaerobic glucose consumption by the reference strains was studied in aerobic or 
anaerobic PBM (10 mL in 25 mL serum bottles) with 10 mM glucose. Similarly, 
autotrophic and mixotrophic CO metabolism by the reference strains was tested in 
aerobic or anaerobic PBM with CO (PCO = 0.4 atm) or CO with glucose (10 mM). Fatty 
acid methyl ester (FAME) analysis to study and compare the cellular fatty acid 
composition of strain SVCO-16, P. diazotrophica, and P. oryzae cultured under similar 
conditions (in PBM with glucose as substrate) was performed by Microbial ID 
laboratories (Newark, DE, USA). 
DNA extraction, qPCR, sequencing, and Bioinformatics 
In order to pellet biomass for DNA extraction, liquid samples (also used for liquid 
chromatography analyses) were withdrawn from serum bottles and centrifuged at 12,000 
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g for 15 minutes using a benchtop micro-centrifuge 5415 D (Eppendorf, Hauppauge, 
NY). DNA was extracted using a ZYMO RESEARCH Quick-DNA Universal TM kit 
following the manufacturer’s recommendations. Quantitative real-time polymerase chain 
reaction (qPCR) analysis was performed to quantify the 16S rRNA gene of the strain 
during growth with CO and CO with glucose or yeast extract, as previously described 
(Chapter 5). Doubling times were estimated from the increase in 16S rRNA gene copies. 
To genetically characterize the strain, its 16S rRNA gene was PCR amplified 
from genomic DNA for Illumina and Sanger sequencing as described in Chapter 4. PCR 
products were purified using the QIAquick PCR Purification Kit (QIAGEN) and directly 
sequenced at DNASU at Arizona State University using primers 8F, 342F, 519F, 926F, 
519R, 926R and 1525R. Gene sequences were aligned using the Bioinformatic software 
Geneious 9.1.7, as previously described (Chapter 4). Prior to using the BLAST tool of 
the National Center for Biotechnology Information (NCBI), the alignment and high 
quality score of each nucleotide was manually verified.		
Pairwise sequence similarities and phylogenies between strain SVCO-16 and 
closest relatives were calculated using the phylogenomics pipeline adapted to single 
genes provided by DSMZ at http://ggdc.dsmz.de (Jan P Meier-Kolthoff et al., 2013; Jan 
P. Meier-Kolthoff et al., 2013; Meier-Kolthoff et al., 2014). A multiple sequence 
alignment was created with MUSCLE (Edgar, 2004). Maximum likelihood (ML) and 
maximum parsimony (MP) trees were inferred from the alignment with RAxML 
(Stamatakis, 2014) and TNT (Goloboff et al., 2008), respectively, under the 
GTR+GAMMA model (Jan P Meier-Kolthoff et al., 2013) and rooted by midpoint-
rooting (Hess and De Moraes Russo, 2007). For ML, rapid bootstrapping in conjunction 
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with the autoMRE bootstopping criterion (Pattengale et al., 2010) and subsequent search 
for the best tree was used. For MP, 1000 bootstrapping replicates were used in 
conjunction with tree-bisection-and-reconnection branch swapping and ten random 
sequence addition replicates.  
The genome of strain SVCO-16 was sequenced at the DNA Services Facility 
(University of Illinois at Chicago) at 175X coverage with a MiniSeq sequencer 
(Illumina®). De novo assembly of reads into 81 high-quality contigs (N50 = 192,889) 
was performed by the Core for Research Informatics at the University of Illinois at 
Chicago using the algorithm SPAdes (Bankevich et al., 2012). The assembly was 
annotated using the Prokka pipeline (Seemann, 2014) and the NCBI Prokaryotic Genome 
Annotation Pipeline (PGAP) (Tatusova et al., 2013). Reference genomes 
(Pleomorphomonas oryzae, NZ_AUHB01000001.1; Pleomorphomonas koreensis, 
NZ_AULH00000000.1), for comparison purposes, were retrieved from the GenBank 
NCBI database. Digital DNA-DNA hybridization (dDDH) between strain SVCO-16 and 
its closest relatives (with published genomes) was performed using the GGDC web server 
(Auch et al., 2010; Jan P Meier-Kolthoff et al., 2013). Average nucleotide identity (ANI) 
values between genomes were calculated via the ANI calculator from the Kostas Lab 
(available at http://enve-omics.ce.gatech.edu/ani/) (Goris et al., 2007) and the 
EZBioCloud OrthoANI calculator available at http://www.ezbiocloud.net/tools/ani (I. 
Lee et al., 2016; Yoon et al., 2017). 
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Results and Discussion 
Autotrophic and mixotrophic CO metabolism by strain SVCO-16 
Figure 7.1 shows anaerobic consumption kinetics of CO as sole carbon and energy 
source (Figure 7.1A) or along with an organic substrate (yeast extract or glucose) 
(Figure 7.1 B-C). Strain SVCO-16 is an anaerobic hydrogenogenic carboxidotroph; it 
metabolizes CO to H2 and CO2. Acetate and formate are also produced under 
heterotrophic (Figure 7.1D) and mixotrophic (CO + organic substrate) conditions. 
Autotrophic growth with CO was much slower than heterotrophic (with glucose) and 
mixotrophic growth with yeast extract or glucose. However, more electrons were 
provided as substrates for heterotrophic and mixotrophic conditions and, therefore, 
additional biomass was built from organic substrates. Figure 7.2 shows an increase in 16S 
rRNA gene copies, from 1.6×107 copies mL−1 on day 42 for growth with CO to 5.9×107 
copies mL−1 for growth with CO and yeast extract, and to 1.5×108 copies mL−1 for 
growth with CO with glucose.  Accordingly, the lag phase was shorter in the presence of 
an organic substrate; from ~55 days with CO (0.44 e− milliequivalents (meq.) added) to 
less than 25 days with the addition of yeast extract (0.78 e− meq. added), and to less than 
16 days with the addition of glucose (2.84 e− meq. added). Strain SVCO-16 did not 
consume CO or organic substrates under aerobic conditions (21% O2 and 79% N2), 
although the presence of low oxygen concentrations (up to 5% of the headspace) did not 
inhibit its anaerobic metabolism. Purity confirmation of strain SVCO-16 grown with CO, 
CO:YE or glucose is presented in Figure 7.3. 
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Figure 7.1. CO and/or glucose consumption and metabolites production by strain SVCO-16 
during A) autotrophic, B-C) mixotrophic, and D) heterotrophic anaerobic metabolism. 
CO (PCO = 0.4 atm), glucose (10 mM), yeast extract (YE, 0.05% w/v). 
SCFA: short chain fatty acids (i.e., acetate and formate).  Error bars indicate one standard 
deviation from triplicate cultures. 
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Figure 7.2. Copies of the 16S rRNA gene during consumption of CO and CO with yeast extract 
(YE) or glucose (see Figure 7.1). Values are averages of triplicate qPCR reactions. Error bars 
indicate one standard deviation 
 
 
 
Figure 7.3. Results from high throughput sequencing of strain SVCO-16 grown with glucose, 
CO, or CO with yeast extract (CO:YE) during A) the built of biomass for the study, and B) the 
characterization study.  
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16S rRNA gene, genome analyses, and cellular fatty acid composition of 
Pleomorphomonas species 
Phylogenetic analysis of the almost full-length 16S rRNA gene sequence (1445 bp) 
(NCBI accession number KY992590) showed that strain SVCO-16 is most closely 
related to Pleomorphomonas diazotrophica R5-392 (Madhaiyan et al., 2013) with 99.2% 
gene identity, followed by P. oryzae (strains F7 and NBRC 102288) (Xie and Yokota, 
2005) and P. koreensis Y9 (Im et al., 2006) with 98.9% and 98.8% similarity, 
respectively. These differences can be clearly observed in the maximum likelihood 
phylogenetic tree presented in Figure 7.4.  
 
Figure 7.4. Maximum likehood (ML) phylogenetic tree. The branches are scaled in terms of the 
expected number of substitutions per site. The numbers above the branches are support values 
from ML (left) and maximum parsimony (right) bootstrapping.  
Bar indicates 0.1% sequence divergence. 
 
In order to investigate if the isolate constitutes a novel species of the genus 
Pleomorphomonas, the percentage similarity between strain SVCO-16 and the available 
genomes of P. oryzae (NZ_AUHB01000001.1) and P. koreensis 
(NZ_AULH00000000.1) was estimated (Auch et al., 2010).  The Two-way ANI values 
(Goris et al., 2007) between strain SVCO-16 and P. oryzae and P. koreensis were 86.0% 
and 86.9%, respectively (Figure 7.5). OrthoANI values, which address the dissimilitude 
between one-way ANI values (I. Lee et al., 2016), were also close to 86% similarity 
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(86.43% and 86.98%, respectively). These ANI values are below the cut-off values (95–
96%) for species delineation. dDDH values between strain SVCO-16 and the reference 
Pleomorphomonas species were also below the 70% species demarcation threshold: 
29.1%–34.5%. Hence, strain SVCO-16 represents a novel species within the genus 
Pleomorphomonas. 
 
 
 
Figure 7.5. Average nucleotide identity between strain SVCO-16 and A) P. oryzae and B) P. 
koreensis. 
The plots were automatically generated using the ANI calculator tool from the Costas Lab 
available at http://enve-omics.ce.gatech.edu/ani/. 
 
Results from the FAME analysis, presented in Table 7.1 revealed that the most 
abundant fatty acids in strain SVCO-16 were C16:0 (21.6%), C18:1 w7c (14.7%), C18:0 
(29.5%), and C19:0 cyclo w8c (25.8%). P. diazotrophica and P. oryzae were mainly 
A 
B 
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composed of similar fatty acids, however, the profiles of P. diazotrophica and P. oryzae 
were more similar to each other than to strain SVCO-16; C18:0 and C18:1 w7c in strain 
SVCO-16 were up to 20% different in composition compared to the reference strains.  
Table 7.1. Cellular fatty acid profiles of strain SVCO-16 and its closest relatives 
Peak name SVCO-16 P. diazotrophica P. oryzae 
14:0 0.35 1.27 1.07 
14:0 3OH 1.80 2.06 2.75 
16:0 21.57 19.38 17.88 
17:0 0.21 - 2.43 
18:1 w9c 0.44 - 5.19 
18:1 w7c 14.65 25.43 29.22 
18:0 29.54 9.80 12.46 
18:1 w7c 11-methyl 0.72 1.48 2.04 
19:0 cyclo w8c 25.78 33.63 21.07 
18:0 3OH 1.55 2.23 2.33 
Note: Numbers denote percentages (%). Main differences in cellular fatty acid composition 
between strain SVCO-16 and reference strains are highlighted in bold. 
Glucose and CO metabolism by Pleomorphomonas species 
Pleomorphomonas spp. have not been reported to grow anaerobically or to utilize CO as 
a carbon and/or energy source, as strain SVCO-16 has been shown to do. In order to 
compare the metabolism of strain SVCO-16 to its closest relatives, the anaerobic 
metabolism of P. diazotrophica and P. oryzae was investigated. For this, similar glucose 
and CO-consumption tests performed with strain SVCO-16 were performed with the 
reference strains. Anaerobic glucose consumption was minimal for P. diazotrophica 
(Figure 7.6B) compared to its aerobic metabolism, and to anaerobic glucose 
consumption by strain SVCO-16 (Figure 7.6A); Only 0.47 mmol H2 L−1 and 0.4 mM 
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acetate were anaerobically produced from glucose by P. diazotrophica, compared to 5.8 
mmol H2 L−1 and 11 mM acetate produced aerobically, and to 7 ± 0.1 mmol H2 L−1 and 
13.7 ± 0.3 mM acetate produced by strain SVCO-16 under similar anaerobic conditions. 
P. oryzae, on the other hand, was capable of consuming glucose anaerobically (Figure 
7.6C), although the stoichiometry of glucose conversion was somehow different to that 
achieved by strain SVCO-16; more formate was produced by P. oryzae (3 mM produced 
by P. oryzae vs. 0.7 mM produced by strain SVCO-16). Besides differences in the 
heterotrophic metabolism of strain SVCO-16 and the reference strains, P. diazotrophica 
and P. oryzae did not consume CO, under autotrophic/mixotrophic conditions, even after 
long-term exposure to the gas (>120 days). Results from mixotrophic growth with 
glucose and CO are presented in Figure 7.7. The differences in metabolism between 
strain SVCO-16 and Pleomorphomonas species confirm that strain SVCO-16 represents a 
novel species within the genus Pleomorphomonas. Because of its unique capability to 
metabolize CO, the name Pleomorphomonas carboxidotrophicus SVCO-16 is proposed. 
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Figure 7.6. Anaerobic glucose consumption and H2 and short chain fatty acids (SCFAs) 
production by A) strain SVCO-16, B) Pleomorphomonas diazotrophica, and C) 
Pleomorphomonas oryzae. 
Error bars indicate one standard deviation.  
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Figure 7.7. Mixotrophic CO consumption and H2, CO2, and short chain fatty acids production by 
A) strain SVCO-16, B) Pleomorphomonas diazotrophica, and C) Pleomorphomonas oryzae 
under anaerobic conditions. Error bars indicate one standard deviation.  
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Genes involved in CO conversion to H2 and CO2 by strain SVCO-16  
The carbon monoxide dehydrogenase complex coded by the genes cooS (encoding a [Ni-
Fe] CODH) and cooF (encoding a Fe-S protein) are present in the genome of strain 
SVCO-16 and absent in the other Pleomorphomonas genomes. Enzymes CooS and CooF 
have been studied in the carboxidotrophic hydrogenogens Rhodospirillum rubrum (Kerby 
et al., 1995), Citrobacter amalonaticus Y19 (Sundara Sekar et al., 2014), and 
Carboxydothermus hydrogenoformans (González and Robb, 2000), and the sulfate 
reducer Archaeoglobus fulgidus (Klenk et al., 1997).  The protein sequence of cooS in 
strain SVCO-16 was mostly similar to the CODH catalytic subunit of R. rubrum (76%; 
WP_011389181) and R. palustris (75%; WP_011474899). CooS regulates the oxidation 
of CO to CO2. CooF regulates the transfer of electrons from CooS to an energy 
converting (and CO-tolerant) hydrogenase (ECH) that reduces protons to H2 and 
translocates protons or sodium ions to generate energy (Fox et al., 1996; Singer et al., 
2006; Soboh et al., 2002). Based on the presence of the NADH:quinone oxidoreductase 
gene (nuoM), strain SVCO-16 might conserve energy during CO metabolism by proton 
translocation across the membrane during NADH oxidation (Fox et al., 1996). 
 Several [NiFe] hydrogenase genes were identified in the genome of strain SVCO-
16. These hydrogenases include hypA, which is part of the hydrogenase gene cluster of C. 
hydrogenoformans (Soboh et al., 2002), and a CO-induced [NiFe] hydrogenase mostly 
similar to hycE2 (encoding a CO-induced hydrogenase) in R. rubrum (72%; 
WP_011389179) and R. palustris (70%; WP_011474902). In addition, a second CO-
induced hydrogenase gene in strain SVCO-16 was found to be highly similar to hycE2 
genes in P. oryzae (99%; WP_026790609) and in P. koreensis (96%; WP_026783288). 
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However, CODH genes are not present in the genome of these Pleomorphomonas. In 
accordance with the presence of hycE2 and absence of CooS:CooF genes in the genome 
of  P. oryzae, this microorganism is incapable of CO oxidation, but the presence of this 
gas does not inhibit its glucose metabolism. As seen in Figure 7.6C and Figure 7.7C, 
glucose consumption kinetics were very similar in the presence and absence of CO. 
Based on the genes identified, strain SVCO-16 metabolizes CO to H2 and CO2 via the 
Coos:CooF enzyme complex (also named the CODH:CooF complex (Singer et al., 
2006)) coupled to CO-induced [NiFe] hydrogenases. 
Phenotypic characterization of strain SVCO-16 
Similar to other Pleomorphomonas species and other Alphaproteobacteria, strain SVCO-
16 is a gram-negative, irregularly rod-shaped and pleomorphic bacterium. The inner 
cytoplasmic cell membrane and the outer membrane, typical of Gram-negative cells, can 
be observed in the transmission electron micrographs presented in Figure 7.8. 
Pleomorphic cells bend and vary in size and shape, as shown in the scanning electron 
micrographs presented in Figure 7.9. The size of strain SVCO-16 is approximately 1-2 
µm × 0.4-0.5 µm. Cells occur alone or in small groups in autotrophic growth with CO 
(Figure 7.9E-F), or in clusters of bacteria attached to a matrix when grown with glucose 
(Figure 7.9A-B).  
Under stress imposed by CO, strain SVCO-16 forms granules similar to poly-β-
hydroxybutyrate granules (PHB) (indicated by arrows in Figure 7.8D-F), potentially for 
the storage of carbon and electrons under conditions of nutrient limitation (Anderson and 
Dawes, 1990). These PHB-like granules were not observed when SVCO-16 was grown 
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with glucose (Figure 7.8A-C). Moreover, cells grown with CO as the sole carbon and 
energy source showed a dotted surface (Figure 7.9G-H) that was not observed in cells 
grown with glucose (Figure 7.9C-D), despite SEM preparations of cells grown with 
glucose or CO being identical.  
Figure 7.8. Transmission electron micrographs of strain SVCO-16 grown with A-C) glucose 
(after 3 weeks of incubation), and (D-F) CO as sole substrate (after 4 months of incubation. No 
yeast extract added). 
Notes: Dotted lines lines show the inner cytoplasmic cell membrane and outer membrane typical 
of gram-negative bacteria. Arrows point to potential poly-β-hydroxybutyrate granules (PHB) only 
observed in growth with CO as sole carbon and energy source. 
 
Organic substrates metabolized by strain SVCO-16 and susceptibility to 
antibiotics are presented in Table 7.2. Based on acetate and H2 production and an 
increase in OD600, temperature growth range under mixotrophic conditions (with CO and 
glucose) is 16.5 – 35 °C, with an optimum growth at 30 °C.  The pH growth range is 5.2 
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– 8.1, with optimum growth at 6.5 – 7.3. Differential characteristics of strain SVCO-16  
and closely related members of the genus Pleomorphomonas are presented in Table 7.3. 
 
Table 7.2. Utilization of organic substrates and susceptibility to antibiotics by strain SVCO-16 
Organic substrate Utilization 
Glucose + 
Fructose + 
Mannose + 
Xylose + 
Malate + 
Pyruvate + 
Sucrose − 
Glycerol − 
Lactate − 
Fumarate − 
Peptone − 
Tryptone − 
Ethanol − 
Antibiotic Resistance 
Zeocin 200 µg mL−1 
Carbenicillin 100 µg mL−1 
Ampicillin 100 µg mL−1 
Vancomycin − 
Kanamycin − 
Chloramphenicol − 
Spectinomycin − 
Tetracycline − 
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Figure 7.9. Scanning electron micrographs of strain SVCO-16 grown with A-D) glucose, and E-
H) CO as sole substrate.  
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Table 7.3. Differential characteristics of strain SVCO-16 and closely related members of the 
genus Pleomorphomonas  
 
SVCO-16* P. diazotrophica P. oryzae P. koreensis 
length, µm 1.0-2.0 1.4-2.6 1.0-5.0 1.5-3.0 
width, µm 0.4-0.5 0.4-0.5 0.5-1.0 0.3-0.5 
Growth temperature 
range, °C 
16.5-35 20-37 N/A N/A 
Optimum growth 
temperature, °C 
30 30 28-30 30 
Growth pH range 5.2-8.1 6.0-8.0 5.0-8.0 6.0-8.0 
Optimum growth pH 6.5-7.3 7.0 N/A N/A 
Growth in LB broth* + + − N/A 
Anaerobic growth with 
glucose*  
+ −a + N/A 
Anaerobic growth with 
CO* 
+ − − N/A 
Aerobic growth with CO* − − − N/A 
Acid from glucose + + + − 
Nitrate reduction +b − + + 
N-fixation N/Tc + + + 
G + C content, % mole 66.4d 63.2 62.1-63.1 65.1 
* Data from this study. The rest of the information is published elsewhere (Im et al., 2006; 
Madhaiyan et al., 2013; Xie and Yokota, 2005) 
a Little growth after 61 days of incubation with 10 mM glucose; up to 0.01mmol H2 production 
and 0.4 mM acetate, compared to 0.15 mmol H2 and 13.7 mM acetate production by strain 
SVCO-16 under similar conditions. 
b Nitrate reduction detected using CO with yeast extract as electron donors. 
c Nitrogenase genes, including the nifH gene, are present in its genome, indicating the potential of 
strain SVCO-16 to fix nitrogen. 
d Estimated from the genome 
N/A: not available. N/T: not tested 
 
Description of Pleomorphomonas carboxidotrophicus sp. nov. 
Pleomorphomonas carboxidotrophicus [carboxidum Latin noun, carbon monoxide; 
trophikos, Greek noun trophe, which means nourishment; carboxidotrophicus organism 
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that metabolizes CO] is a novel Alphaproteobacterium isolated from sewage sludge 
enriched with CO as sole carbon and energy source. 
Cells are anaerobic, Gram-negative, irregularly rod-shaped (cells bend), 
pleomorphic, and 1 – 2 × 0.4 – 0.5 µm in size. PHB-like granules accumulate in 
anaerobic growth with CO. H2 and CO2 are produced from anaerobic CO-metabolism. 
Doubling time with CO and yeast extract (0.05 % w/v) as substrates is 7.5 days. The 
carbon monoxide dehydrogenase complex coded by the genes cooS (encoding a [Ni-Fe] 
CODH) and cooF (encoding a Fe-S protein) and CO-induced [NiFe] hydrogenases 
(similar to HycE2) are present in its genome. Nitrogenase genes, including the nifH gene, 
are also present in its genome, indicating the potential of this microbe to fix nitrogen. 
Growth occurs at temperatures between 16.5 °C – 35 °C and pH values 5.2 – 8.1 with an 
optimum growth at 30 °C and pH 6.5 – 7.3. The strain is resistant to zeocin (200 µg mL-
1), carbenicillin (100 µg mL-1), and ampicillin (100 µg mL-1), but susceptible to 
vancomycin, kanamycin, chloramphenicol, spectinomycin, and tetracycline. Besides CO, 
anaerobic growth in phosphate-buffered medium also occurs with glucose, fructose, 
mannose, xylose, malate, and pyruvate. Acetate, formate, H2, and CO2 are produced from 
these organic compounds. The strain does not grow with sucrose, glycerol, lactate, 
fumarate, peptone, tryptone, or ethanol. Growth occurs in anaerobic LB broth. Nitrate is 
reduced with CO and yeast extract. Pleomorphomonas carboxidotrophicus does not 
metabolize methane as other Methylocystaceae do. P. carboxidotrophicus is the fifth 
anaerobic carboxidotrophic Proteobacteria described and the fifth mesophilic 
hydrogenogenic carboxidotroph. The strain was isolated from a mesophilic CO-
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enrichment culture capable of producing acetate and ethanol from CO and syngas (CO, 
H2, and CO2). 
Sequences and cultures 
The final alignments of the genes studied and the genome sequence contigs (GSC) were 
deposited in the GenBank of the NCBI, and are available under the accession numbers 
KY992590 (16S rRNA) and MF776635 (nifH) and Project ID PRJNA395424 (GSC). 
Paired raw sequences from high-throughput sequencing and raw GSC were deposited in 
the NCBI Sequence Read Archive and are available under the project/biosample IDs: 
PRJNA395423/SAMN07405781 and PRJNA395424/SAMN07519655, respectively. 
WGS genome contigs annotations can be accessed using the Biosample ID 
SAMN07510660.   
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CHAPTER 8 Summary 
This dissertation explores a sustainable bioprocess that reduces the amounts of biomass 
waste, air pollutants, and the concentration of greenhouse gases while generating useful 
chemicals. Off-gases from heavy industries are mainly composed of CO, CO2, and 
particulate matter and these gases are usually vented into the atmosphere causing air 
pollution. CO is indirectly involved in global warming by increasing the concentration of 
main greenhouse gases (CO2 and CH4) in the atmosphere (Chapter 2). Moreover, the 
gasification of biomass waste generates syngas, a gas mixture mainly composed of CO, 
CO2, and H2.  
My dissertation focused on producing H2, ethanol, acetate, and carboxylic acids 
from CO-rich gases (CO:CO2, CO:H2, CO:CO2:H2 [syngas]) via microbial fermentation. 
This involved an assiduous understanding of CO metabolism, the enriching of CO-
metabolizing cultures, and the identification of strains capable of its efficient conversion. 
Dilute concentrations of products are typical of fermentation processes; hence, research 
efforts on syngas fermentation have focused on the optimization of solvent (mainly 
ethanol and butanol) production by pure cultures of Clostridia (Ramió-Pujol et al., 
2015a).  In spite of successful operation of mixed-culture fermentation processes, such as 
anaerobic digestion, bioremediation, and wastewater treatment, to my knowledge, mixed 
culture syngas fermentation only has been studied by Alves et al. (2013), Ganigué et al. 
(2015), Nam et al. (2016), and Pakshirajan & Mal (2013). Before my research, the 
composition of mesophilic CO- and syngas-converting microbial communities and the 
interplay between syngas components, microbial communities, and metabolites produced 
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were unknown. Moreover, the advantages of mixed-culture syngas fermentation were not 
described.  
Contributions to the field 
The main contributions to the field of Environmental Biotechnology of this dissertation 
include: 1) Identification of anaerobic CO metabolism in samples collected from natural 
environments where anaerobic carboxidotrophs were not previously studied, including 
the seafloor, volcanic sand, low-temperature fresh water, and oceanic crust with high 
carbonate content (pH>11) (Chapter 3); 2) Identification of mesophilic microbial 
communities involved in CO and syngas conversion to methane, ethanol, acetate, 
butyrate, caproate, and other carboxylic acids, under different conditions (CO 
concentration, autotrophic or mixotrophic growth, presence/absence of H2 and/or CO2…)  
(Chapter 4 & 6); 3) Isolation and study of 2 microorganisms capable of effectively 
consuming CO: an Acetobacterium-like isolate, capable of ethanol and acetate 
production, and a Pleomorphomonas-like isolate, capable of H2 production (Chapters 4 & 
5), 4) New evidence that shows the advantages of using mixed-culture syngas 
fermentation, including high CO- and syngas-conversion rates (similar to rates achieved 
by pure cultures of carboxidotrophic acetogens [~10^1 mmol CO L−1 d−1] under 
comparable conditions), functional redundancy under different CO-rich gases, high 
acetate or ethanol production at neutral medium pH, and production of biofuel precursors 
via fatty acid chain elongation (Chapters 5 & 6); and 5) The phenotypic and phylogenetic 
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characterization of the 5th identified mesophilic hydrogenogenic carboxidotroph, 
Pleomorphomonas carboxidotrophicus strain SVCO-16 (Chapter 7).  
Key findings 
In Chapter 3, I present the first evidence for anaerobic CO metabolism in 
phylogenetically diverse natural environments where CO has been detected and/or 
aerobic carboxidotrophs have been identified. These environments include the seafloor at 
different depths, fresh water from frozen ponds, volcanic sand, and the oceanic crust with 
high carbonate content (pH>11). Microorganisms enriched with CO from these 
environments were associated with the class Clostridia and the order Enterobacteriales. 
Besides enriching samples collected from natural environments with CO, I also enriched 
anaerobic sewage sludge with CO. Comparison between the CO-enriched cultures from 
the natural environments and the CO-enriched culture originated from sludge revealed 
that carboxidotrophs from sludge were more diverse (Methanobacteria, Clostridia, and 
Alpha- and Deltaproteobacteria) and consumed CO 1000 faster than those in nature.  
In Chapter 4, I describe the long-term enrichment of sludge with CO or CO and 
CO2 as carbon and energy source. Incrementally increasing CO partial pressures (PCO) 
selected for H2, acetate and ethanol producers within the genera Acetobacterium, 
Oscillospira, and Pleomorphomonas, and for Desulfovibrio when CO2 was an additional 
carbon source. Besides Acetobacterium, these phylotypes were not previously associated 
with CO metabolism. Phylotypes of Methanobacteriaceae and methane production were 
detected at PCO ≤ 0.4 atm. Isolation of microorganisms phylogenetically related to 
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Pleomorphomonas and Acetobacterium confirmed their capability to metabolize CO; the 
Pleomorphomonas-like isolate produced H2:CO2, whereas the Acetobacterium-like 
isolate produced acetate/ethanol when CO was the only electron/carbon source.   
As discussed in Chapter 2, the composition of CO-rich gases depends on the 
source of the gas (the type of furnace, industry, feedstock gasified) and/or the gasification 
conditions. Before this dissertation, it was unclear how different syngas mixtures affect 
the metabolism of carboxidotrophs, including the ethanol/acetate ratios. In Chapter 5, I 
describe that the CO metabolism of the mixed culture was somehow affected by the 
addition of CO2 and/or H2 (i.e., increased species diversity and acetate/ethanol ratios), but 
the pure cultures of isolates were more sensitive to changes in gas composition than the 
mixed culture. CO2 inhibited CO-oxidation by the Pleomorphomonas-like isolate and 
decreased the ethanol/acetate ratio by the Acetobacterium-like isolate. H2 did not inhibit 
ethanol or H2 production by the Acetobacterium and Pleomorphomonas isolates, 
respectively, but decreased their CO-consumption rates. As part of the mixed culture, 
these isolates, together with other microorganisms, consumed H2 and CO2 (along with 
CO) for all conditions tested and at similar CO-consumption rates (2.1 – 3.4 mmol CO 
L−1 d−1), while maintaining overall function (acetate production). Providing a continuous 
supply of CO by membrane diffusion (Figure 5.1) caused the mixed culture to increase 
CO consumption rates to 7.1 mmol CO L−1 d−1 and to switch from acetate to ethanol 
production, presumably due to the increased supply of electron donor. In parallel with 
this change in metabolic function, the structure of the microbial community became 
dominated by Geosporobacter phylotypes (not previously associated with CO 
metabolism), instead of Acetobacterium and Pleomorphomonas phylotypes.  
 171 
Besides my experiment aimed to increase ethanol production (Chapter 5), most 
fermentation scenarios described in Chapters 4 & 5 attained high acetate production with 
small concentrations of ethanol. Therefore, I upgraded dilute ethanol solutions to biofuel 
precursors (i.e., medium-chain fatty acids; MCFA) via fatty acid chain elongation with 
CO as carbon and electron donor. My results, presented in Chapter 6, showed that 
methanogenesis was partially inhibited at PCO ≥ 0.11 atm. This inhibition led to increased 
acetate production during the first phase of fermentation. However, the second addition 
of ethanol triggered MCFA (valerate, caproate, and heptanoate) production at PCO ≥ 0.11 
atm, which probably occurred through the elongation of acetate (produced from 
fermentation) with CO-derived ethanol and H2:CO2. Accordingly, after the second 
addition of ethanol, the distribution of electrons to acetate decreased at higher PCO, while 
electrons channeled to MCFA increased. Most probably, Acetobacterium, Clostridium, 
Pleomorphomonas, Oscillospira, and Blautia metabolized CO to H2:CO2, ethanol and/or 
fatty acids, while Peptostreptococcaceae, Lachnospiraceae and other Clostridiales 
utilized these metabolites, along with the provided ethanol, for MCFA production.  
My dissertation research showed that Pleomorphomonas were key players in 
mesophilic CO/syngas fermentation processes. Therefore, for Chapter 7, I studied the 
autotrophic (CO), mixotrophic (CO with yeast extract or glucose), and heterotrophic 
(diverse organic substrates) metabolism of the Pleomorphomonas isolate first described 
in Chapter 4. Comparison of the CO and glucose metabolisms and the genome sequence 
of this isolate with other Pleomorphomonas revealed that my isolate was a novel species: 
P. carboxidotrophicus strain SVCO-16. P. carboxidotrophicus is the fifth characterized 
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mesophilic carboxidotrophic hydrogenogen and the fifth Alphaproteobacterium reported 
to anaerobically grow with CO. 
Conclusions 
The main conclusions of this dissertation are: 1) mesophilic microorganisms that resist 
high CO concentrations were identified; 2) CO2 and H2 have an important effect on CO 
metabolism; 3) mixed cultures are capable of consuming all CO, H2, and CO2 in syngas, 
are robust and flexible, and show functional redundancy under different CO-rich gases; 
4) ethanol production can be improved by increasing the amount of electrons available 
for fermentation; and 5) biofuel precursors can be produced from CO at PCO > 0.11 atm 
using mixed cultures. My results shed light upon the effects of CO2 and H2 on CO 
metabolism and pave the way for mixed culture syngas fermentation. The CO-enriched 
mixed culture consumed all CO and syngas fed at rates similar to several 
carboxidotrophic acetogens reported in the literature (~10^1 mmol CO L−1 d−1), showed 
high product yields and functional redundancy, was resilient to changes in syngas 
composition and contamination (O2 and aerobic microorganisms), and was capable of 
producing high concentrations of acetate or ethanol as main products. Production of 
biofuel precursors by a mixed culture is another advantage of mixed-culture syngas 
fermentation since only one strain (Clostridium carboxidivorans) has been reported to 
directly produce caproate or hexanol from CO under certain environmental conditions 
(temperature, PCO, medium requirements) (Ramió-Pujol et al., 2015b). Following, I 
describe the key findings of my dissertation per chapter.  
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CHAPTER 9 Recommendations for future work 
An economic analysis 
My dissertation outcomes point towards the industrialization of mixed-culture syngas 
fermentation for the production of a wide variety of useful products (i.e., H2, solvents, 
acetate, propionate, butyrate, and medium-chain fatty acids [MCFA]). Future work to 
make this a foreseeable reality includes performing an economic analysis that 
investigates the profits to industries and society of fermenting CO-rich gases. CO/CO2-
generating industries such as heavy industries (e.g., steel mills) and industries that gasify 
biomass can profit from their waste gases if they sell them to chemical and 
biotechnological industries aimed at ethanol, acetate, and other chemicals production. 
Moreover, if CO-rich gases are captured, instead of vented to the atmosphere where CO 
converts into CO2, the benefits to society would be numerous: a significant reduction in 
air pollution and greenhouse gases emission, which will, in turn, bring savings in health 
care and tax money destined to cleanup efforts; a decrease in municipal solid waste (if 
gas is generated from biomass waste); and the generation of commodity chemicals. A 
detailed economic analysis will reveal the possible monetary profit to industries, 
governments, insurance companies, and taxpayers. 
Crafting a “super-efficient” and diverse microbial community 
A key step towards industrialization of mixed culture syngas fermentation is to craft a 
“super-efficient” mixed microbial community that metabolizes CO at high rates (10^2 
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mmol CO L−1 d−1) and is robust and flexible enough to assure high product specificity 
and yields under changing conditions (e.g., syngas composition). The crafted inoculum 
should have a high microbial diversity that will allow the interaction of different groups 
of microbes under different conditions; similar to the CO-enriched culture described in 
Chapter 4, but more efficient (higher CO-conversion rates). This could be done by either 
putting together key microbial partners or by enriching/inhibiting microbes in an 
inoculum. Carboxidotrophic hydrogenogens (e.g., Pleomorphomonas strain SVCO-16), 
acetate/ethanol producers (e.g., Acetobacterium strain SVCO-15 and Clostridium spp.) 
and other carboxidotrophs and fermenters should be added to a designed inoculum -or 
enriched in a mixed community- aimed at acetate/ethanol production and fatty acid chain 
elongation. For chain elongation systems, the isolation of MCFA-producers tolerant to 
CO is essential. Clostridium Kluyveri is the only isolated MCFA-producer and it is not 
tolerant to CO (Diender et al., 2016).  
The design of a potent microbial community also includes the inhibition of 
“contaminating” microbes, including competitors and microorganisms that consume the 
end products (e.g., several aerobes). For this, sustainable inhibitors, such as CO at 
adequate concentrations, and optimal reactor configurations that impede the entrance of 
contaminants (oxygen and contaminating microbes) and growth of undesired microbes 
are needed. Although my CO-enriched culture showed high product specificity in a batch 
membrane reactor despite the presence of contaminants (Chapter 5), product yields and 
efficiency could be optimized if contamination is prevented. 
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Optimization of product yields and scale-up 
Besides crafting a robust mixed culture, another step towards the industrialization of 
mixed-culture syngas fermentation is to increase product specificity and yields and 
conversion rates in a larger-volume reactor and in continuous mode. The conditions that 
led to high ethanol production in my 230 mL-batch membrane reactor (i.e., increased 
redox potential; Chapter 5) could be tested in a larger membrane reactor, such as an 
MBfR, fed with CO-rich gases. A fed-batch operation could be a good option to increase 
the redox potential of the medium (via an increased supply of electron donors) and to 
assure continuous high ethanol production. For high acetate production, continuous 
MBfRs with sufficiently short hydraulic retention times (to avoid acetate conversion to 
other products) are recommended.  
For chain elongation systems, I recommend to test syngas as a carbon and 
electron donor. And before scale-up, CO/syngas conversion to MCFA must be improved. 
For this, a crafted microbial community (with carboxidotrophs and CO-tolerant MCFA-
producers) and a better reactor configuration are needed. Continuous systems with 
increased dissolved CO concentration and with gas recirculation might be a good option 
to inhibit methanogens and other competing microbes not resistant to CO while 
enhancing fatty acid production. Besides optimization of products yields and scale-up, 
product recovery should also be improved before commercialization of syngas 
fermentation processes.  
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Studies with different syngas composition (CO, CO2, and H2 at different ratios)  
My research revealed that CO2 and H2 alter CO metabolism and products yields/ratios. In 
order to optimize the process, the effects of syngas components on the microbial 
community structure and function should be further explored. For this, experiments with 
different syngas compositions (i.e., different CO, CO2, and H2 content and partial 
pressures) should be performed. This will indicate if the inoculum is flexible enough or 
more optimization (regarding microbial diversity) is needed. Moreover, before taking the 
process to the field, fermentation of real syngas mixtures (from different industries or 
gasification of different feedstock) should be tested. Besides CO, CO2, and H2, the syngas 
produced in industrial processes has particulate matter, H2S, CH4, hydrocarbons and other 
trace constituents. For a successful industrial process, the small or no effect of these 
syngas components on the performance of the inoculum should be verified. 
qPCR methods for carboxidotrophs 
Quantification of microorganisms is important in the laboratory, to study and optimize 
the process, and in the field, for quality control. Today, real-time quantification methods 
(i.e., qPCR) for carboxidotrophs are non-specific and target several microorganisms 
equipped with the Wood-Ljungdahl pathway. qPCR methods that only capture 
carboxidotrophs are needed. Genes encoding CO-resistant cytochromes, or other genes 
involved in CO metabolism but not in the W-L pathway might be a good target.  
 177 
REFERENCES 
Abrini, J., Naveau, H., Nyns, E.-J., 1994. Clostridium autoethanogenum sp. nov., an anerobic 
bacterium that produces ethanol from carbon monoxide. Arch. Microbiol. 161, 345–351. 
 
Abubackar, H.N., Veiga, M.C., Kennes, C., 2012. Biological conversion of carbon monoxide to 
ethanol: Effect of pH, gas pressure, reducing agent and yeast extract. Bioresour. Technol. 
114, 518–522.  
 
Abubackar, H.N., Veiga, M.C., Kennes, C., 2011. Biological conversion of carbon monoxide: 
rich syngas or waste gases to bioethanol. Biofuels, Bioprod. Biorefining 5, 93–114.  
 
Allen, T.D., Caldwell, M.E., Lawson, P. a, Huhnke, R.L., Tanner, R.S., 2010. Alkalibaculum 
bacchi gen. nov., sp. nov., a CO-oxidizing, ethanol-producing acetogen isolated from 
livestock-impacted soil. Int. J. Syst. Evol. Microbiol. 60, 2483–9.  
 
Alves, J.I., Stams, A.J.M., Plugge, C.M., Alves, M.M., Sousa, D.Z., Madalena Alves, M., Sousa, 
D.Z., 2013. Enrichment of anaerobic syngas-converting bacteria from thermophilic 
bioreactor sludge. FEMS Microbiol. Ecol. 86, 590–7.  
 
Alves, J.I., van Gelder, A.H., Alves, M.M., Sousa, D.Z., Plugge, C.M., 2013. Moorella stamsii 
sp. nov., a new anaerobic thermophilic hydrogenogenic carboxydotroph isolated from 
digester sludge. Int. J. Syst. Evol. Microbiol. 63, 4072–6.  
 
Anderson, A.J., Dawes, E.A., 1990. Occurence, metabolism, metabolic role, and industrial uses of 
bacterial polyhydroxyalkanoates. Microbiol. Rev. 54, 450–472. 
 
Auch, A.F., von Jan, M., Klenk, H.-P., Göker, M., 2010. Digital DNA-DNA hybridization for 
microbial species delineation by means of genome-to-genome sequence comparison. Stand. 
Genomic Sci. 2, 117–134. 
 
Balk, M., Heilig, H.G.H.J., Eekert, M.H.A. van, Stams, A.J.M., Rijpstra, I.C., Sinninghe-Damste, 
J.S., Vos, W.M. de, Kengen, S.W.M., 2009. Isolation and characterization of a new CO-
utilizing strain, Thermoanaerobacter thermohydrosulfuricus subsp. carboxydovorans, 
isolated from a geothermal spring in Turkey. Extremophiles 13, 885–894.  
 
Bankevich, A., Nurk, S., Antipov, D., Gurevich, A.A., Dvorkin, M., Kulikov, A.S., Lesin, V.M., 
Nikolenko, S.I., Pham, S., Prjibelski, A.D., Pyshkin, A. V., Sirotkin, A. V., Vyahhi, N., 
Tesler, G., Alekseyev, M. a., Pevzner, P. a., 2012. SPAdes: A new genome assembly 
algorithm and its applications to single-cell sequencing. J. Comput. Biol. 19, 455–477.  
 
Barik, S., Prieto, S., Harrison, S.B., Clausen, E.C., Gaddy, J.L., 1988. Biological production of 
alcohols from coal through indirect liquefaction. Appl. Biochem. Biotechnol. 18, 363–378. 
 
Bartholomew, G.W., Alexander, M., 1979. Microbial metabolism of carbon-monoxide in culture 
and in soil. Appl. Environ. Microbiol. 37, 932–937. 
 
Bender, G., Pierce, E., Hill, J. a, Darty, J.E., Ragsdale, S.W., 2011. Metal centers in the anaerobic 
microbial metabolism of CO and CO2. Metallomics 3, 797–815.  
 178 
 
Bengelsdorf, F.R., Poehlein, A., Linder, S., Erz, C., Hummel, T., Hoffmeister, S., Daniel, R., 
Dürre, P., 2016. Industrial acetogenic biocatalysts: A comparative metabolic and genomic 
analysis. Front. Microbiol. 7, 1–15.  
 
Bengelsdorf, F.R., Straub, M., Dürre, P., 2013. Bacterial synthesis gas (syngas) fermentation. 
Environ. Technol. 34, 1639–1651. 
 
Bertsch, J., Müller, V., 2015. CO metabolism in the acetogen Acetobacterium woodii. Appl. 
Environ. Microbiol. 81, 5949–5956.  
 
Berzin, V., Kiriukhin, M., Tyurin, M., 2012. Elimination of acetate production to improve ethanol 
yield during continuous synthesis gas fermentation by engineered biocatalyst Clostridium 
sp. MTEtOH550. Appl. Biochem. Biotechnol. 167, 338–47.  
 
Bonch-Osmolovskaya, E., 2012. Metabolic diversity of thermophilic prokaryotes—what’s new, 
in: Anitori, R.P. (Ed.), Extremophiles Microbiology and Biotechnology. Caister Academic 
Press, Norfolk, UK. 
 
Brady, A.L., Sharp, C.E., Grasby, S.E., Dunfield, P.F., 2015. Anaerobic carboxydotrophic 
bacteria in geothermal springs identified using stable isotope probing. Front. Microbiol. 6, 
897.  
 
Bredwell, M., Srivastava, P., Worden, R., 1999. Reactor design issues for synthesis-gas 
fermentations. Biotechnol. Prog. 15, 834–844.  
 
Breznak, J.A., Switzer, J.M., Seitz, H.-J., 1988. Sporomusa termitida sp. nov., an H2/CO2-
utilizing acetogen isolated from termites. Arch. Microbiol. 150, 282–288. 
 
Bridgwater, A.V., 1995. The technical and economic feasibility of biomass gasification for power 
generation 14, 631–653. 
 
Bridgwater, A.V. V, 1995. The technical and economic feasibility of biomass gasification for 
power generation. Fuel 74, 631–653. 
 
Bryant, M.P., Boone, D.R., 1987. Emended description of strain MST (DSM 800T), the type strain 
of Methanosarcina barkeri. Int. J. Syst. Bacteriol. 37, 169–170.  
 
Bryant, M.P., Campbell, L.L., Reddy, C.A., Crabill, M.R., 1977. Growth of Desulfovibrio in 
lactate or ethanol media low in sulfate in association with H2-utilizing methanogenic 
bacteria. Appl. Environ. Microbiol. 33, 1162–1169. 
 
Byrne-Bailey, K.G., Wrighton, K.C., Melnyk, R.A., Agbo, P., Hazen, T.C., Coates, J.D., 2010. 
Complete genome sequence of the electricity-producing Thermincola potens strain JR. J. 
Bacteriol. 192, 4078–4079.  
 
Caporaso, J.G., Bittinger, K., Bushman, F.D., Desantis, T.Z., Andersen, G.L., Knight, R., 2010. 
PyNAST: A flexible tool for aligning sequences to a template alignment. Bioinformatics 26, 
266–267.  
 
 179 
Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F.D., Costello, E.K., 
Fierer, N., Peña, A.G., Goodrich, J.K., Gordon, J.I., Huttley, G.A., Kelley, S.T., Knights, D., 
Koenig, J.E., Ley, R.E., Lozupone, C.A., Mcdonald, D., Muegge, B.D., Pirrung, M., Reeder, 
J., Sevinsky, J.R., Turnbaugh, P.J., Walters, W.A., Widmann, J., Yatsunenko, T., Zaneveld, 
J., Knight, R., 2010. QIIME allows analysis of high- throughput community sequencing 
data. Nat. Methods 7, 335–336.  
 
Caporaso, J.G., Lauber, C.L., Walters, W.A., Berg-Lyons, D., Huntley, J., Fierer, N., Owens, 
S.M., Betley, J., Fraser, L., Bauer, M., Gormley, N., Gilbert, J.A., Smith, G., Knight, R., 
2012. Ultra-high-throughput microbial community analysis on the Illumina HiSeq and 
MiSeq platforms. Isme J. 6, 1621–1624. 
 
Chang, I.S., Kim, B.H., Kim, D.H., Lovitt, R.W., Sung, H.C., 1999. Formulation of defined 
media for carbon monoxide fermentation by Eubacterium limosum KIST612 and the growth 
characteristics of the bacterium. J. Biosci. Bioeng. 88, 682–5. 
 
Chang, I.S., Kim, B.H., Lovitt, R.W., Bang, J.S., 2001. Effect of CO partial pressure on cell-
recycled continuous CO fermentation by Eubacterium limosum KIST612. Process Biochem. 
37, 411–421. 
 
Chang, I.S., Kim, D., Kim, B.H., Lovitt, R.W., 2007. Use of an industrial grade medium and 
medium enhancing effects on high cell density CO fermentation by Eubacterium limosum 
KIST612. Biotechnol. Lett. 29, 1183–7.  
 
Chen, J., Henson, M.A., 2016. In silico metabolic engineering of Clostridium ljungdahlii for 
synthesis gas fermentation. Metab. Eng. 38, 389–400. 
 
Ciferno, J.P., Marano, J.J., 2002. Benchmarking biomass gasification technologies for fuels, 
chemicals and hydrogen production, US Department of Energy. National Energy. 
 
Codd, G.A., Kuenen, J.G., 1987. Phisiology and biochemistry of autotrophic bacteria, in: 
Verseveld, H.W., Duine, J.A. (Eds.), Microbial growth on C1 compounds: Proceedings of 
the 5th international symposium. Dordrecht : Springer Netherlands, Hingham MA, USA, pp. 
10–20. 
 
Coma, M., Vilchez-Vargas, R., Roume, H., Jauregui, R., Pieper, D.H., Rabaey, K., 2016. Product 
diversity linked to substrate usage in chain elongation by mixed-culture fermentation. 
Environ. Sci. Technol. 50, 6467–6476.  
 
Conrad, R., Seiler, W., Bunse, G., Giehl, H., 1982. Carbon monoxide in seawater (Atlantic 
ocean). J. Geophys. Res. 87, 8839–8852. 
 
Daniel, S.L., Hsu, T., Dean, S.I., Drake, H.L., 1990. Characterization of the H2- and CO-
dependent chemolithotrophic potentials of the acetogens Clostridium thermoaceticum and 
Acetogenium kivui. J. Bacteriol. 172, 4464–71. 
 
Daniell, J., Köpke, M., Simpson, S.D., 2012. Commercial biomass syngas fermentation. Energies 
5, 5372–5417. 
 
Daniels, L., Fuchs, G., Thauer, R.K., Zeikus, G., 1977. Carbon monoxide oxidation by 
 180 
methanogenic bacteria. J. Bacteriol. 132, 118–126. 
 
Dashekvicz, M.P., Uffen, R.L., 1979. Identification of a carbon monoxide-metabolizing 
bacterium as a strain of Rhodopseudomonas gelatinosa (Molisch) van Niel. Int. J. Syst. 
Bacteriol. 29, 145–148. 
 
Delgado, A.G., Parameswaran, P., Fajardo-Williams, D., Halden, R.U., Krajmalnik-Brown, R., 
2012. Role of bicarbonate as a pH buffer and electron sink in microbial dechlorination of 
chloroethenes. Microb. Cell Fact. 11, 128.  
 
Devarapalli, M., Atiyeh, H.K., Phillips, J.R., Lewis, R.S., Huhnke, R.L., 2016. Ethanol 
production during semi-continuous syngas fermentation in a trickle bed reactor using 
Clostridium ragsdalei. Bioresour. Technol. 209, 56–65.  
 
Diekert, G., Hansch, M., Conrad, R., 1984. Acetate synthesis from 2 CO2 in acetogenic bacteria: 
is carbon monoxide an intermediate? Arch. Microbiol. 138, 224–228. 
 
Diekert, G.B., Thauer, R.K., 1978. Carbon Monoxide Oxidation by Clostridium thermoaceticum 
and Clostridium formicoaceticum. J. Bacteriol. 136, 597–606. 
 
Diender, M., Pereira, R., Wessels, H.J.C.T., Stams, A.J.M., Sousa, D.Z., 2016a. Proteomic 
analysis of the hydrogen and carbon monoxide metabolism of Methanothermobacter 
marburgensis. Front. Microbiol. 7.  
 
Diender, M., Stams, A.J.M., Sousa, D.Z., 2016b. Production of medium-chain fatty acids and 
higher alcohols by a synthetic co-culture grown on carbon monoxide or syngas. Biotechnol. 
Biofuels 9, 82.  
 
Diender, M., Stams, A.J.M., Sousa, D.Z., 2015. Pathways and bioenergetics of anaerobic carbon 
monoxide fermentation. Front. Microbiol. 6. 
 
Drake, H.L., 1994. Acetogenesis. Chapman & Hall Microbiology Series, New York. 
 
Drake, H.L., 1982. Demonstration of hydrogenase in extracts of the homoacetate-fermenting 
bacterium Clostridium thermoaceticum. J. Bacteriol. 150, 702–709. 
 
Drake, H.L., Daniel, S.L., Küsel, K., Matthies, C., Kuhner, C., Braus-Stromeyer, S., 1997. 
Acetogenic bacteria: what are the in situ consequences of their diverse metabolic 
versatilities? BioFactors 6, 13–24. 
 
Dunfield, K.E., King, G.M., 2004. Molecular analysis of carbon monoxide-oxidizing bacteria 
associated with recent Hawaiian volcanic deposits. Appl. Environ. Micriobiology 70, 4242–
4248. 
 
Dürre, P., 2005. Handbook on Clostridia. CRC Press Taylor and Francis Group, Boca Raton, FL. 
 
Edgar, R.C., 2004. MUSCLE: multiple sequence alignment with high accuracy and high 
throughput. Nucleic Acids Res. 32, 1792–1797.  
 
Ensign, S.A., Luddens, Paul, W., 1991. Characterization of the CO Oxidatio/H2 Evolution System 
 181 
of Rhodospirillum rubrum. J. Biol. Chem. 266, 18395–28403. 
 
Ernst, A., Zibrak, J., 1998. Carbon monoxide poisoning. N. Engl. J. Med. 339, 1603–1608. 
 
Esquivel-Elizondo, S., Delgado, A.G., Krajmalnik-Brown, R., 2017. Evolution of microbial 
communities growing with carbon monoxide, hydrogen, and carbon dioxide. FEMS 
Microbiol. Ecol. 93, 1–12.  
 
Esquivel-Elizondo, S., Parameswaran, P., Delgado, A.G., Maldonado, J., Rittmann, B.E., 
Krajmalnik-Brown, R., 2016. Archaea and Bacteria acclimate to high total ammonia in a 
methanogenic reactor treating swine waste. Archaea 2016, 10. 
 
Fardeau, M.-L., 2004. Isolation from oil reservoirs of novel thermophilic anaerobes 
phylogenetically related to Thermoanaerobacter subterraneus: reassignment of T. 
subterraneus, Thermoanaerobacter yonseiensis, Thermoanaerobacter tengcongensis and 
Carboxydibrachium pacificum to. Int. J. Syst. Evol. Microbiol. 54, 467–474.  
 
Feilberg, K.L., Sellevag, S.R., Nielsen, C.J., Griffith, D.W.T., Johnson, M.S., 2002. CO+OH --> 
CO2+H: The relative reaction rate of five CO isotopologues. Phys. Chem. Chem. Phys. 4, 
4687–4693.  
 
Ferry, J.G., 2010. CO in methanogenesis. Ann. Microbiol. 60, 1–12. 
 
Ferry, J.G., House, C.H., 2006. The stepwise evolution of early life driven by energy 
conservation. Mol. Biol. Evol. 23, 1286–92. 
 
Fischer, F., Lieske, R., Winzer, K., 1932. Biological gas reactions II. Concerning the formation of 
acetic acid in the biological conversion of carbon oxide and carbonic acid with hydrogen to 
methane. Biochem. Z. 245, 2–12. 
 
Fischer, F., Lieske, R., Winzer, K., 1931. Biologische Gasreaktionen. I. Mitteilung: Die 
Umsetzungen des Kohlenoxyds. Biochem. Z. 236, 247–267. 
 
Fox, J.D., Kerby, R.L., P., R.G., Ludden, P.W., 1996. Characterization of the CO-induced, CO-
tolerant hydrogenase from Rhodospirillum rubrum and the gene encoding the large subunit 
of the enzyme. J. Bacteriol. 178, 1515–1524. 
 
Fuchs, G., Schnitker, U., Thauer, R.K., 1974. Carbon monoxide oxidation by growing cultures of 
Clostridium pasteurianum. Eur. J. Biochem. 49, 111–5. 
 
Gaddy, J.L., Clausen, E.C., 1992. Clostridium Ljungdahlii, an anaerobic ethanol and acetate 
producing microorganism. US patent No 5,173,429. 
 
Ganigue, R., Ramio-Pujol, S., Sanchez, P., Baneras, L., Colprim, J., Bañeras, L., Colprim, J., 
2015. Conversion of sewage sludge to commodity chemicals via syngas fermentation. Water 
Sci. Technol. 72, 415–420. 
 
Ganigué, R., Sánchez-Paredes, P., Bañeras, L., Colprim, J., 2016. Low fermentation pH is a 
trigger to alcohol production, but a killer to chain elongation. Front. Microbiol. 7, 1–11.  
 
 182 
Gilbert, J.A., Jansson, J.K., Knight, R., 2014. The Earth Microbiome project: successes and 
aspirations. BMC Biol. 12, 69.  
 
Gildemyn, S., Molitor, B., Usack, J.G., Nguyen, M., Rabaey, K., Angenent, L.T., 2017. 
Upgrading syngas fermentation effluent using Clostridium kluyveri in a continuous 
fermentation. Biotechnol. Biofuels 10, 83. 
 
Goloboff, P.A., Farris, J.S., Nixon, K.C., 2008. TNT, a free program for phylogenetic analysis. 
Cladistics 24, 774–786. 
 
González, J.M., Robb, F.T., 2000. Genetic analysis of Carboxydothermus hydrogenoformans 
carbon monoxide dehydrogenase genes CooF and CooS. FEMS Microbiol. Lett. 191, 243–
247.  
 
Goris, J., Konstantinidis, K.T., Klappenbach, J.A., Coenye, T., Vandamme, P., Tiedje, J.M., 
2007. DNA-DNA hybridization values and their relationship to whole-genome sequence 
similarities. Int. J. Syst. Evol. Microbiol. 57, 81–91.  
 
Gössner, A.S., Picardal, F., Tanner, R.S., Drake, H.L., 2008. Carbon metabolism of the 
moderately acid-tolerant acetogen Clostridium drakei isolated from peat. FEMS Microbiol. 
Lett. 287, 236–42. 
 
Granier, C., Bessagnet, B., Bond, T., Angiola, A.D., Gon, H.D. Van Der, Frost, G.J., Heil, A., 
Kaiser, J.W., Kinne, S., Klimont, Z., Kloster, S., Lamarque, J., Liousse, C., Masui, T., 
Meleux, F., Mieville, A., Ohara, T., Raut, J.-C., Riahi, K., Schultz, M.G., Smith, S.J., 
Thompson, A., Aardenne, J. van, van del Werf, G., van Vuuren, D.P., 2011. Evolution of 
anthropogenic and biomass burning emissions of air pollutants at global and regional scales 
during the 1980 – 2010 period. Clim. Change 109, 163–190.  
 
Greening, R.C., Leedle, J.A.Z., 1989. Enrichment and isolation of Acetitomaculum ruminis, gen. 
nov.: acetogenic bacteria from the bovine rumen. Arch. Microbiol. 151, 399–406. 
 
Grethlein, A.J., Worden, R.M., Jain, M.K., Datta, R., 1991. Evidence for production of n-butanol 
from carbon monoxide by Butyribacterium methylotrophicum. J. Ferment. Bioeng. 72, 58–
60. 
 
Grootscholten, T.I.M., Kinsky dal Borgo, F., Hamelers, H.V.M., Buisman, C.J.N., 2013. 
Promoting chain elongation in mixed culture acidification reactors by addition of ethanol. 
Biomass and Bioenergy 48, 10–16.  
 
Guiot, S.R., Cimpoia, R., Carayon, G., 2011. Potential of wastewater-treating anaerobic granules 
for biomethanation of synthesis gas. Environ. Sci. Technol. 45, 2006–12.  
 
Haddad, M., Cimpoia, R., Guiot, S.R., 2013. Performance of a Carboxydothermus 
hydrogenoformans-immobilizing membrane reactor for syngas upgrading into hydrogen. 
Int. J. Hydrogen Energy 38, 2167–2175.  
 
Hammel, K.E., Cornwell, K.L., Diekert, G.B., Thauer, R.K., 1984. Evidence for a nickel-
containing carbon monoxide dehydrogenase in Methanobrevibacter arboriphilicus. J. 
Bacteriol. 157, 975–978. 
 183 
 
Hattingh, W.H.J., Thiel, P.G., Siebert, M.L., 1967. Determination of protein content of anaerobic 
digesting sludge. Water Res. 1, 185–189. 
 
Heidelberg, J.F., Seshadri, R., Haveman, S.A., Hemme, C.L., Paulsen, I.T., Kolonay, J.F., Eisen, 
J.A., Ward, N., Methe, B., Brinkac, L.M., Daugherty, S.C., Deboy, R.T., Dodson, R.J., 
Durkin, A.S., Madupu, R., Nelson, W.C., Sullivan, S.A., Fouts, D., Haft, D.H., Selengut, J., 
Peterson, J.D., Davidsen, T.M., Zafar, N., Zhou, L., Radune, D., Dimitrov, G., Hance, M., 
Tran, K., Khouri, H., Gill, J., Utterback, T.R., Feldblyum, T. V, Wall, J.D., Voordouw, G., 
Fraser, C.M., 2004. The genome sequence of the anaerobic, sulfate-reducing bacterium 
Desulfovibrio vulgaris Hildenborough. Nat. Biotechnol. 22, 554–559.  
 
Heiskanen, H., Virkajärvi, I., Viikari, L., 2007. The effect of syngas composition on the growth 
and product formation of Butyribacterium methylotrophicum. Enzyme Microb. Technol. 41, 
362–367.  
 
Henstra, A.M., Dijkema, C., Stams, A.J.M., 2007. Archaeoglobus fulgidus couples CO oxidation 
to sulfate reduction and acetogenesis with transient formate accumulation. Environ. 
Microbiol. 9, 1836–41.  
 
Henstra, A.M., Stams, A.J.M., 2011. Deep conversion of carbon monoxide to hydrogen and 
formation of acetate by the anaerobic thermophile Carboxydothermus hydrogenoformans. 
Int. J. Microbiol. 2011.  
 
Hess, P.N., De Moraes Russo, C.A., 2007. An empirical test of the midpoint rooting method. 
Biol. J. Linn. Soc. 92, 669–674.  
 
Hickey, R.F., Vanderwielen, J., Switzenbaum, M.S., 1989. The effect of heavy metals on 
methane production and hydron and carbon monoxide levels during batch anaerobic sludge 
digestion 23, 207–218. 
 
Hirsch, P., 1968. Photosyntethic bacterium growing under carbon monoxide. Nature 217. 
 
Hobler, T., 1966. Mass Transfer and Absorbers, 1st ed. Pergamon Press, New York. 
 
Hoehler, T.M., Bebout, B.M., Des Marais, D.J., 2001. The role of microbial mats in the 
production of reduced gases on the early Earth. Nature 412, 324–327.  
 
Hu, P., Rismani-Yazdi, H., Stephanopoulos, G., 2013. Anaerobic CO2 fixation by the acetogenic 
bacterium Moorella thermoacetica. Am. Inst. Chem. Eng. 59, 3176–3183.  
 
Hu, S., Drake, H.L., Wood, H.G., 1982. Synthesis of acetyl Coenzyme A from carbon monoxide, 
methyltetrahydrofolate, and Coenzyme A by enzymes from Clostridium thermoaceticum. J. 
Bacteriol. 149, 440–448. 
 
Huhnke, R.L., Lewis, R.S., Tanner, R.S., 2010. Isolation and characterization of novel Clostridial 
Species. US 7,704,723 B2. 
 
Hurst, K.M., Lewis, R.S., 2010. Carbon monoxide partial pressure effects on the metabolic 
process of syngas fermentation. Biochem. Eng. J. 48, 159–165.  
 184 
 
Hussain, A., Guiot, S.R., Mehta, P., Raghavan, V., Tartakovsky, B., 2011. Electricity generation 
from carbon monoxide and syngas in a microbial fuel cell. Appl. Microbiol. Biotechnol. 90, 
827–36.  
 
Hussain,  a, Bruant, G., Mehta, P., Raghavan, V., Tartakovsky, B., Guiot, S.R., 2013. Population 
analysis of mesophilic microbial fuel cells fed with carbon monoxide. Appl. Biochem. 
Biotechnol. 172, 713–726. 
 
Im, W.T., Kim, S.H., Kim, M.K., Ten, L.N., Lee, S.T., 2006. Pleomorphomonas koreensis sp. 
nov., a nitrogen-fixing species in the order Rhizobiales. Int. J. Syst. Evol. Microbiol. 56, 
1663–1666.  
 
Imkamp, F., Müller, V., 2007. Acetogenic Bacteria. Encycl. Life Sci. 
doi:10.1002/9780470015902.a0020086 
 
Inman, R.E., Ingersoll, R.B., Levy, E.A., 1971. Soil: A natural sink for carbon monoxide. Science 
(80). 172, 1229–1231. 
 
IPCC, 2001. Climate Change 2001: The Scientific Basis. Contribution of working group I to the 
third assessment report of the Intergovernmental Panel on Climate Change. Cambridge 
University Press, New York. 
 
Jiang, B., Paula, A.H., Balk, M., Doesburg, W. Van, Stams, A.J.M., 2009. Atypical one-carbon 
metabolism of an acetogenic and hydrogenogenic Moorella thermoacetica strain. Arch. 
Biochem. Biophys. 191, 123–131. 
 
Jing, Y., Campanaro, S., Kougias, P., Treu, L., Angelidaki, I., Zhang, S., Luo, G., 2017. 
Anaerobic granular sludge for simultaneous biomethanation of synthetic wastewater and CO 
with focus on the identification of CO-converting microorganisms. Water Res. 126, 19–28.  
 
Johnson, J.E., Bates, T.S., 1996. Sources and sinks of carbon monoxide in the mixed layer of the 
tropical south Pacific ocean. Global Biogeochem. Cycles 10, 347–359. 
 
Jong, W. de, Ommen, J.R. van, 2015. Biomass as a sustainable energy source for the future: 
Fundamentals of conversion processes. John Wiley & Sons, New Jersey.  
 
Jung, G.Y., Jung, H.O., Kim, J.R., Ahn, Y., Park, S., 1999a. Isolation and characterization of 
Rhodopseudomonas palustris P4 which utilizes CO with the production of H2. Biotechnol. 
Lett. 21, 525–529.  
 
Jung, G.Y., Kim, J.R., Jung, H.O., Park, J.Y., Park, S., 1999b. A new chemoheterotrophic 
bacterium catalyzing water-gas shift reaction. Biotechnol. Lett. 21, 869–873.  
 
Kamagata, Y., 2015. Oscillospira, in: Whitman, W.B. (Ed.), Bergey’s manual of systematics of 
Archaea and Bacteria. John Wiley & Sons, Ltd, pp. 1–6.  
 
Kennes, D., Abubackar, H.N., Diaz, M., Veiga, M.C., Kennes, C., 2016. Bioethanol production 
from biomass: Carbohydrate vs. syngas fermentation. J. Chem. Technol. Biotechnol. 91, 
304–317.  
 185 
 
Kerby, R., Zeikus, J.G., 1983. Growth of Clostridium thermoaceticum on H2:CO2 or CO as 
energy source. Curr. Microbiol. 8, 27–30. 
 
Kerby, R.L., Ludden, P.W., Roberts, G.P., 1995. Carbon monoxide-dependent growth of 
Rhodospirillum rubrum. J. Bacteriol. 177, 2241–2244. 
 
Khalil, M.A.K., Rasmussen, R.., 1988. Carbon monoxide in the Earth’s atmosphere- indications 
of a global increase. Lett. to Nat. 332.  
 
Kim, D., Chang, I.S., 2009. Electricity generation from synthesis gas by microbial processes: CO 
fermentation and microbial fuel cell technology. Bioresour. Technol. 100, 4527–30.  
 
King, G.M., 2003. Molecular and culture-based analyses of aerobic carbon monoxide oxidizer 
diversity. Appl. Environ. Microbiol. 69, 7257–7265.  
 
King, G.M., 1999. Characteristics and significance of atmospheric carbon monoxide consumption 
by soils. Chemosph. Glob. Chang. Sci. 1, 53–63. 
 
King, G.M., Crosby, H., 2002. Impacts of plant roots on soil CO cycling and soil-atmosphere CO 
exchange. Glob. Chang. Biol. 8, 1085–1093. 
 
King, G.M., Weber, C.F., 2007. Distribution, diversity and ecology of aerobic CO-oxidizing 
bacteria. Nat. Rev. Microbiol. 5, 107–18.  
 
Klenk, H., Clayton, R.A., Tomb, J., White, O., Nelson, K.E., Ketchum, K.A., Dodson, R.J., 
Gwinn, M., Hickey, E.K., Peterson, J.D., Richardson, D.L., Kerlavage, A.R., Graham, D.E., 
Kyrpides, N.C., Fleischmann, R.D., Quackenbush, J., Lee, N.H., Sutton, G.G., Gill, S., 
Kirkness, E.F., Dougherty, B.A., Mckenney, K., Adams, M.D., Loftus, B., Peterson, S., 
Reich, C.I., Mcneil, L.K., Badger, J.H., Glodek, A., Zhou, L., Overbeek, R., Gocayne, J.D., 
Weidman, J.F., Mcdonald, L., Utterback, T., Cotton, M.D., Spriggs, T., Artiach, P., Kaine, 
B.P., Sykes, S.M., Sadow, P.W., Andrea, K.P.D., Bowman, C., Fujii, C., Garland, S.A., 
Mason, T.M., Olsen, G.J., Fraser, C.M., Smith, H.O., Woese, C.R., Venter, J.C., Lee, D.H., 
Severin, K., Yokobayashi, Y., Ghadiri, M.R., 1997. The complete genome sequence of the 
hyperthermophilic, sulphate-reducing archaeon Archaeoglobus fulgidus. Nature 390, 364–
370. 
 
Klouche, N., Fardeau, M.L., Lascourrèges, J.F., Cayol, J.L., Hacene, H., Thomas, P., Magot, M., 
2007. Geosporobacter subterraneus gen. nov., sp. nov., a spore-forming bacterium isolated 
from a deep subsurface aquifer. Int. J. Syst. Evol. Microbiol. 57, 1757–1761.  
 
Kluyver, A.J., Schnellen, C.G.T.P., 1947. On the fermentation of carbon monoxide by pure 
cultures of methane bacteria. Arch. Biochem. 14, 57–70. 
 
Kochetkova, T. V, Rusanov, I.I., Pimenov, N. V, Kolganova, T. V, Lebedinsky, A. V, Bonch-
osmolovskaya, E.A., Sokolova, T.G., 2011. Anaerobic transformation of carbon monoxide 
by microbial communities of Kamchatka hot springs. Extremophiles 15, 319–325.  
 
Kotsyurbenko, O.R., Simankova, M. V., Nozhevnikova, A.N., Zhilina, T.N., Bolotina, N.P., 
Lysenko, A.M., Osipov, G.A., 1995. New species of psychrophilic acetogens: 
 186 
Acetobacterium bakii sp. nov., A. paludosum sp. nov., A. fimetarium sp. nov. Arch. 
Microbiol. 163, 29–34. 
 
Krumholz, L.R., Bryant, M.P., 1985. Clostridiurn pfennigii sp. nov. Uses methoxyl groups of 
monobenzenoids and produces butyrate. Int. J. Syst. Evol. Microbiol. 35, 454–456. 
 
Kuczynski, J., Stombaugh, J., Walters, W.A., Gonzalez, A., Caporaso, J.G., Knight, R., 2011. 
Using QIIME to analyze 16S rRNA gene sequences from microbial communities. Current 
Protoc. Bioinformatic 10, 1–28.  
 
Kundiyana, D.K., Huhnke, R.L., Wilkins, M.R., 2011. Effect of nutrient limitation and two-stage 
continuous fermentor design on productivities during Clostridium ragsdalei syngas 
fermentation. Bioresour. Technol. 102, 6058–6064. 
 
Kundiyana, D.K., Huhnke, R.L., Wilkins, M.R., 2010. Syngas fermentation in a 100-L pilot scale 
fermentor: Design and process considerations. J. Biosci. Bioeng. 109, 492–498.  
 
Latif, H., Zeidan, A.A., Nielsen, A.T., Zengler, K., 2014. Trash to treasure: production of biofuels 
and commodity chemicals via syngas fermenting microorganisms. Curr. Opin. Biotechnol. 
27, 79–87. 
 
Le Van, T.D., Robinson, J. a, Ralph, J., Greening, R.C., Smolenski, W.J., Leedle, J. a, Schaefer, 
D.M., 1998. Assessment of reductive acetogenesis with indigenous ruminal bacterium 
populations and Acetitomaculum ruminis. Appl. Environ. Microbiol. 64, 3429–36. 
 
Lee, H.S., Kang, S.G., Bae, S.S., Lim, J.K., Cho, Y., Kim, Y.J., Jeon, J.H., Cha, S., Kwon, K.K., 
Kim, H., Park, C., Lee, H., Kim, S. Il, Chun, J., Colwell, R.R., Kim, S.-J., Lee, J., 2008. The 
complete genome sequence of Thermococcus onnurineus NA1 reveals a mixed 
heterotrophic and carboxydotrophic metabolism. J. Bacteriol. 190, 7491–7499.  
 
Lee, I., Kim, Y.O., Park, S.C., Chun, J., 2016. OrthoANI: An improved algorithm and software 
for calculating average nucleotide identity. Int. J. Syst. Evol. Microbiol. 66, 1100–1103.  
 
Lee, S.H., Kim, M., Lee, J., Kim, T.W., Bae, S.S., Lee, S., Jung, H.C., Yang, T., Choi, A.R., Cho, 
Y., Lee, J., Kwon, K.K., Lee, H.S., Kang, S.G., 2016. Adaptive engineering of a 
hyperthermophilic archaeon on CO and discovering the underlying mechanism by multi-
omics analysis. Sci. Reports. 1–11.  
 
Lindahl, P.A., 2002. The Ni-containing carbon monoxide dehydrogenase family: Light at the end 
of the tunnel? Biochemistry 41, 2097–2015. 
 
Liou, J.S.-C., Balkwill, D.L., Drake, G.R., Tanner, R.S., 2005. Clostridium carboxidivorans sp. 
nov., a solvent-producing clostridium isolated from an agricultural settling lagoon, and 
reclassification of the acetogen Clostridium scatologenes strain SL1 as Clostridium drakei 
sp. nov. Int. J. Syst. Evol. Microbiol. 55, 2085–91.  
 
Liu, K., Atiyeh, H.K., Stevenson, B.S., Tanner, R.S., Wilkins, M.R., Huhnke, R.L., 2014a. 
Continuous syngas fermentation for the production of ethanol, n-propanol and n-butanol. 
Bioresour. Technol. 151, 69–77.  
 
 187 
Liu, K., Atiyeh, H.K., Stevenson, B.S., Tanner, R.S., Wilkins, M.R., Huhnke, R.L., 2014b. Mixed 
culture syngas fermentation and conversion of carboxylic acids into alcohols. Bioresour. 
Technol. 152, 337–346. 
 
Loffler, F., Sanford, R., Ritalahti, K., 2005. Enrichment, cultivation, and detection of reductively 
dechlorinating bacteria. Methods Enzymol. 397, 77–111.  
 
Logan, J.A., Prather, M.J., Wofsy, S.C., Mcelroy, M.B., 1981. Tropospheric chemistry: A global 
perspective. J. Geophys. Res. 86, 7210–7254. 
 
Lorowitz, W.H., Bryant, M.P., 1984. Peptostreptococcus productus strain that grows rapidly with 
CO as the energy source. Appl. Environ. Micriobiology 47, 961–4. 
 
Lozupone, C., Hamady, M., Knight, R., 2006. UniFrac, an online tool for comparing microbial 
community diversity in a phylogenetic context. BMC Bioinformatics 7, 371.  
 
Luo, G., Wang, W., Angelidaki, I., 2013. Anaerobic digestion for simultaneous sewage sludge 
treatment and CO biomethanation: process performance and microbial ecology. Environ. 
Sci. Technol. 47, 10685–93.  
 
Lux, M.F., Drake, H.L., 1992a. Re-examination of the metabolic potentials of the acetogens 
Clostridium aceticum and Clostridium formicoaceticum: chemolithoautotrophic and 
aromatic-dependent growth. FEMS Microbiol. Lett. 74, 49–56. 
 
Lux, M.F., Drake, H.L., 1992b. Reexamination of the metabolic potentials of the acetogens 
Clostridium aceticum and Clostridium formicoaceticum - chemolithoautotrophic and 
aromatic-dependent growth. Fems Microbiol. Lett. 95, 49–56.  
 
Lynd, L., Kerby, R., Zeikus, J.G., 1982. Carbon monoxide metabolism of the methylotrophic 
acidogen Butyribacterium methylotrophicum. J. Bacteriol. 149, 255–263. 
 
Maddipati, P., Atiyeh, H.K., Bellmer, D.D., Huhnke, R.L., 2011. Ethanol production from syngas 
by Clostridium strain P11 using corn steep liquor as a nutrient replacement to yeast extract. 
Bioresour. Technol. 102, 6494–501. 
 
Madhaiyan, M., Jin, T.Y., Roy, J.J., Kim, S.J., Weon, H.Y., Kwon, S.W., Ji, L., 2013. 
Pleomorphomonas diazotrophica sp. nov., an endophytic N-fixing bacterium isolated from 
root tissue of Jatropha curcas L. Int. J. Syst. Evol. Microbiol. 63, 2477–2483.  
 
Maness, P.-C., Weaver, P.F., 1994. Production of poly-3-hydroxyalkanoates from CO and H2 by 
a novel photosynthetic bacterium. Appl. Biochem. Biotechnol. 45–46, 395–406. 
 
Maness, P., Huang, J., Smolinski, S., Tek, V., Vanzin, G., 2005. Energy generation from the CO 
oxidation-hydrogen production pathway in Rubrivivax gelatinosus. Appl. Environ. 
Micriobiology 71, 2870–2874. 
 
Marshall, C.W., LaBelle, E. V., May, H.D., 2013. Production of fuels and chemicals from waste 
by microbiomes. Curr. Opin. Biotechnol. 24, 391–397. 
 
Martin, D.R., Misra, A., Drake, H.L., 1985. Dissimilation of carbon monoxide to acetic acid by 
 188 
glucose-limited cultures of Clostridium thermoaceticum. Appl. Environ. Microbiol. 49, 
1412–1417. 
 
Masella, A.P., Bartram, A.K., Truszkowski, J.M., Brown, D.G., Neufeld, J.D., 2012. PANDAseq: 
paired-end assembler for illumina sequences. BMC Bioinformatics 13, 7p. 
 
Maynard, E.L., Sewell, C., Lindahl, P. a., 2001. Kinetic mechanism of acetyl-CoA synthase: 
steady-state synthesis at variable CO/CO2 pressures. J. Am. Chem. Soc. 123, 4697–703.  
 
Meier-Kolthoff, J.P., Auch, A.F., Klenk, H.-P., Göker, M., 2013. Genome sequence-based 
species delimitation with confidence intervals and improved distance functions. BMC 
Bioinformatics 14, 60.  
 
Meier-Kolthoff, J.P., Göker, M., Spröer, C., Klenk, H.P., 2013. When should a DDH experiment 
be mandatory in microbial taxonomy? Arch. Microbiol. 195, 413–418.  
 
Meier-Kolthoff, J.P., Hahnke, R.L., Petersen, J., Scheuner, C., Michael, V., Fiebig, A., Rohde, C., 
Rohde, M., Fartmann, B., Goodwin, L. a., Chertkov, O., Reddy, T.B.K., Pati, A., Ivanova, 
N.N., Markowitz, V., Kyrpides, N.C., Woyke, T., Göker, M., Klenk, H.-P., 2014. Complete 
genome sequence of DSM 30083T, the type strain (U5/41T) of Escherichia coli, and a 
proposal for delineating subspecies in microbial taxonomy. Stand Genomic Sci in press.  
 
Menon, S., Ragsdale, S.W., 1996. Unleashing hydrogenase activity in carbon monoxide 
dehydrogenase/acetyl-CoA synthase and pyruvate:ferredoxin oxidoreductase. Biochemistry 
35, 15814–15821. 
 
Miceli, J.F., Garcia-Peña, I., Parameswaran, P., Torres, C.I., Krajmalnik-Brown, R., 2014. 
Combining microbial cultures for efficient production of electricity from butyrate in a 
microbial electrochemical cell. Bioresour. Technol. 169, 169–174. 
 
Miceli III, J.F., Torres, C.I., Krajmalnik-Brown, R., 2016. Shifting the balance of fermentation 
products between hydrogen and volatile fatty acids: microbial community structure and 
function. FEMS Microbiol. Ecol. 92, 1–8. 
 
Mohammadi, M., Younesi, H., Najafpour, G., Mohamed, A.R., 2012. Sustainable ethanol 
fermentation from synthesis gas by Clostridium ljungdahlii in a continuous stirred tank 
bioreactor. J. Chem. Technol. Biotechnol. 87, 837–843. 
 
Molitor, B., Richter, H., Martin, M.E., Jensen, R.O., Juminaga, A., Mihalcea, C., Angenent, L.T., 
2016. Carbon recovery by fermentation of CO-rich off gases - Turning steel mills into 
biorefineries. Bioresour. Technol. 215, 386–396.  
 
Möller, D., 2014. Chemistry of the climate system, Second. ed. Walter de Gruyter GmbH & Co. 
 
Munasinghe, P.C., Khanal, S.K., 2012. Syngas fermentation to biofuel: evaluation of carbon 
monoxide mass transfer and analytical modeling using a composite hollow fiber (CHF) 
membrane bioreactor. Bioresour. Technol. 122, 130–6.  
 
Nam, C.W., Jung, K.A., Park, J.M., 2016. Biological carbon monoxide conversion to acetate 
production by mixed culture. Bioresour. Technol. 211, 478–485.  
 189 
 
Navarro, S.S., Cimpoia, R., Bruant, G., Guiot, S.R., 2016. Biomethanation of syngas using 
anaerobic sludge: shift in the catabolic routes with the CO partial pressure increase. Front. 
Microbiol. 7, 1–13.  
 
Navas-Molina, J.A., Peralta-Sánchez, J.M., González, A., McMurdie, P.J., Vázquez-Baeza, Y., 
Xu, Z., Ursell, L.K., Lauber, C., Zhou, H., Song, S.J., Huntley, J., Ackermann, G.L., Berg-
Lyons, D., Holmes, S., Caporaso, J.G., Knight, R., 2013. Advancing our understanding of 
the human microbiome using QIIME, in: Methods in Enzymology. pp. 371–444.  
 
Novikov, A.A., Sokolova, T.G., Lebedinsky, A. V, Kolganova, T. V, Bonch-osmolovskaya, E.A., 
2011. Carboxydothermus islandicus sp. nov., a thermophilic, hydrogenogenic, 
carboxydotrophic bacterium isolated from a hot spring. Int. J. Syst. Evol. Microbiol. 2532–
2537.  
 
O’ Brien, J.M., Wolkin, R.H., Moench, T.T., Morgan, J.B., Zeikus, J.G., 1984. Association of 
hydrogen metabolism with unitrophic or mixotrophic growth of Methanosarcina barkeri on 
carbon monoxide. J. Bacteriol. 158, 373–375. 
 
Oelgeschläger, E., Rother, M., 2008. Carbon monoxide-dependent energy metabolism in 
anaerobic Bacteria and Archaea. Arch. Microbiol. 190, 257–69.  
 
Paarup, M., Friedrich, M.W., Tindall, B.J., Finster, K., 2006. Characterization of the 
psychrotolerant acetogen strain SyrA5 and the emended description of the species 
Acetobacterium carbinolicum. Antonie Van Leeuwenhoek 89, 55–69. 
 
Pakshirajan, K., Mal, J., 2013. Biohydrogen production using native carbon monoxide converting 
anaerobic microbial consortium predominantly Petrobacter sp. Int. J. Hydrogen Energy 38, 
16020–16028.  
 
Parameswaran, P., Torres, C.I., Lee, H.-S., Krajmalnik-Brown, R., Rittmann, B.E., 2009. 
Syntrophic interactions among anode respiring bacteria (ARB) and non-ARB in a biofilm 
anode: electron balances. Biotechnol. Bioeng. 103, 513–23.  
 
Park, S., Yasin, M., Kim, D., Park, H.-D., Kang, C.M., Kim, D.J., Chang, I.S., 2013. Rapid 
enrichment of (homo)acetogenic consortia from animal feces using a high mass-transfer 
gas-lift reactor fed with syngas. J. Ind. Microbiol. Biotechnol. 40, 995–1003.  
 
Parkin, A., Seravalli, J., Vincent, K. a, Ragsdale, S.W., Armstrong, F. a, 2007. Rapid and efficient 
electrocatalytic CO2/CO Interconversions by Carboxydothermus hydrogenoformans CO 
dehydrogenase I on an Electrode. J. Am. Chem. Soc. 129, 10328–10329.  
 
Parshina, S.N., Kijlstra, S., Henstra, A.M., Sipma, J., Plugge, C.M., Stams, A.J.. M., 2005. 
Carbon monoxide conversion by thermophilic sulfate-reducing bacteria in pure culture and 
in co-culture with Carboxydothermus hydrogenoformans. Appl. Microbiol. Biotechnol. 68, 
390–6.  
 
Parshina, S.N., Sipma, J., Nakashimada, Y., Henstra, A.M., Smidt, H., Lysenko, A.M., Lens, 
P.N.L., Lettinga, G., Stams, A.J.M., 2005. Desulfotomaculum carboxydivorans sp. nov., a 
novel sulfate-reducing bacterium capable of growth at 100% CO. Int. J. Syst. Evol. 
 190 
Microbiol. 55, 2159–2165.  
 
Pattengale, N.D., Alipour, M., Bininda-Emonds, O.R.P., Moret, B.M.E., Stamatakis, A., 2010. 
How many bootstrap replicates are necessary? J. Comput. Biol. 17, 337–354.  
 
Pérez, N.M., Gurrieri, S., King, C.-Y., Taran, Y., 2008. Terrestrial fluids, earthquakes and 
volcanoes: the Hiroshi Wakita, Volume 2, Reprint. ed. Springer Science & Business Media. 
 
Phillips, J.R., Atiyeh, H.K., Tanner, R.S., Torres, J.R., Saxena, J., Wilkins, M.R., Huhnke, R.L., 
2015. Butanol and hexanol production in Clostridium carboxidivorans syngas fermentation: 
Medium development and culture techniques. Bioresour. Technol. 190, 114–121.  
 
Ragsdale, S.W., 2008. Enzymology of the wood-Ljungdahl pathway of acetogenesis. Ann. N. Y. 
Acad. Sci. 1125, 129–36.  
 
Ragsdale, S.W., 2004. Life with carbon monoxide. Crit. Rev. Biochem. Mol. Biol. 39, 165–95.  
 
Ragsdale, S.W., 1997. The eastern and western branches of the Wood/Ljungdahl pathway: how 
the east and west were won. Biofactors 6, 3–11. 
 
Rajagopalan, S., Datar, R.P., Lewis, R.S., 2002. Formation of ethanol from carbon monoxide via 
a new microbial catalyst. Biomass and Bioenergy 23, 487–493.  
 
Ramió-Pujol, S., Ganigué, R., Baneras, L., Colprim, J., 2015a. How can alcohol production be 
improved in carboxydotrophic Clostridia. Process Biochem. 50, 1047–1055.  
 
Ramió-Pujol, S., Ganigué, R., Bañeras, L., Colprim, J., 2015b. Incubation at 25°C prevents acid 
crash and enhances alcohol production in Clostridium carboxidivorans P7. Bioresour. 
Technol. 192, 296–303.  
 
Richter, H., Molitor, B., Diender, M., Sousa, D.Z., Angenent, L.T., 2016. A Narrow pH range 
supports butanol, hexanol, and octanol production from syngas in a continuous co-culture of 
Clostridium ljungdahlii and Clostridium kluyveri with in-line product extraction. Front. 
Microbiol. 7, 1773. 
 
Richter, H., Molitor, B., Wei, H., Chen, W., Aristilde, L., Angenent, L.T., 2016. Ethanol 
production in syngas-fermenting Clostridium ljungdahlii is controlled by thermodynamics 
rather than by enzyme expression. Energy Environ. Sci. 9, 2392–2399.  
 
Ritalahti, K.M., Amos, B.K., Sung, Y., Wu, Q., Koenigsberg, S.S., Löffler, F.E., 2006. 
Quantitative PCR targeting 16S rRNA and reductive dehalogenase genes simultaneously 
monitors multiple Dehalococcoides strains. Appl. Environ. Microbiol. 72, 2765–2774.  
 
Rittmann, B.E., McCarty, P.L., 2001. Environmental biotechnology: Principles and applications. 
Mc Graw Hill, Boston. 
 
Roberts, G.P., Youn, H., Kerby, R.L., 2004. CO-Sensing Mechanisms. Microbiol. Mol. Biol. 
Rev. 68, 453–473.  
 
Rother, M., Metcalf, W.W., 2004. Anaerobic growth of Methanosarcina acetivorans C2A on 
 191 
carbon monoxide: an unusual way of life for a methanogenic archaeon. Proc. Natl. Acad. 
Sci. U. S. A. 101, 16929–34.  
 
Ryter, S.W., Otterbein, L.E., 2004. Carbon monoxide in biology and medicine. Bioessays news 
Rev. Mol. Cell. Dev. Biol. 26, 270–80.  
 
Savage, M.D., Wu, Z.G., Daniel, S.L., Lundie, L.L., Drake, H.L., 1987. Carbon monoxide-
dependent chemolithotrophic growth of Clostridium thermoautotrophicum. Appl. Environ. 
Microbiol. 53, 1902–6. 
 
Saxena, J., Tanner, R.S., 2011. Effect of trace metals on ethanol production from synthesis gas by 
the ethanologenic acetogen, Clostridium ragsdalei. J. Ind. Microbiol. Biotechnol. 38, 513–
21.  
 
Schink, B., 1994. Diversity, ecology, and isolation of acetogenic bacteria, in: Drake, H.L. (Ed.), 
Acetogenesis. Chapman & Hall, New York, pp. 197–235. 
 
Schmidt, U., Conrad, R., 1993. Hydrogen, carbon monoxide, and methane dynamics in Lake 
Constance. Limnol. Oceanogr. 38, 1214–1226. 
 
Schut, G.J., Lipscomb, G.L., Nguyen, D.M.N., Kelly, R.M., Adams, M.W.W., 2016. 
Heterologous production of an energy-conserving carbon monoxide dehydrogenase 
complex in the Hyperthermophile Pyrococcus furiosus. Front. Microbiol. 7, 1–9.  
 
Seemann, T., 2014. Prokka: Rapid prokaryotic genome annotation. Bioinformatics 30, 2068–2069 
 
Sharak-Genthner, B.R., Bryant, M.P., 1987. Additional characteristics of one-carbon-compound 
utilization by Eubacterium limosum and Acetobacterium woodii. Appl. Environ. Microbiol. 
53, 471–476. 
 
Sharak Genthner, B.., Bryant, M.., 1982. Growth of Eubacterium limosum with carbon monoxide 
as the energy source. Appl. Environ. Micriobiology 43, 70–74. 
 
Sharak Genthner, B.R., Bryant, M.P., 1987. Additional characteristics of one-carbon-compound 
utilization by Eubacterium limosum and Acetobacterium woodii. Appl. Environ. Microbiol. 
53, 471–6. 
 
Shelver, D., Kerby, R.L., He, Y., Roberts, G.P., 1997. CooA, a CO-sensing transcription factor 
from Rhodospirillum rubrum, is a CO-binding heme protein. Proc. Natl. Acad. Sci. 94, 
11216–11220.  
 
Shen, Y., Brown, R., Wen, Z., 2014. Enhancing mass transfer and ethanol production in syngas 
fermentation of Clostridium carboxidivorans P7 through a monolithic biofilm reactor. Appl. 
Energy 136, 68–76. 
 
Shen, Y., Brown, R.C., Wen, Z., 2017. Syngas fermentation by Clostridium carboxidivorans P7 
in a horizontal rotating packed bed biofilm reactor with enhanced ethanol production. Appl. 
Energy 187, 585–594. 
 
Sikorski, J., Lapidus, A., Chertkov, O., Lucas, S., Copeland, A., Glavina Del Rio, T., Nolan, M., 
 192 
Tice, H., Cheng, J.-F., Han, C., Brambilla, E., Pitluck, S., Liolios, K., Ivanova, N., 
Mavromatis, K., Mikhailova, N., Pati, A., Bruce, D., Detter, C., Tapia, R., Goodwin, L., 
Chen, A., Palaniappan, K., Land, M., Hauser, L., Chang, Y.-J., Jeffries, C.D., Rohde, M., 
Göker, M., Spring, S., Woyke, T., Bristow, J., Eisen, J. a, Markowitz, V., Hugenholtz, P., 
Kyrpides, N.C., Klenk, H.-P., 2010. Complete genome sequence of Acetohalobium 
arabaticum type strain (Z-7288T). Stand. Genomic Sci. 3, 57–65.  
 
Sim, J.H., Kamaruddin, A.H., Long, W.S., 2008. Biocatalytic conversion of CO to acetic acid by 
Clostridium aceticum—Medium optimization using response surface methodology (RSM). 
Biochem. Eng. J. 40, 337–347.  
 
Simankova, M. V., Kotsyurbenko, O.R., Stackebrandt, E., Kostrikina, N. a., Lysenko, A.M., 
Osipov, G. a., Nozhevnikova, A.N., 2000. Acetobacterium tundrae sp. nov., a new 
psychrophilic acetogenic bacterium from tundra soil. Arch. Microbiol. 174, 440–447.  
 
Singer, S.W., Hirst, M.B., Ludden, P.W., 2006. CO-dependent H2 evolution by Rhodospirillum 
rubrum: Role of CODH:CooF complex. Biochim. Biophys. Acta - Bioenerg. 1757, 1582–
1591.  
 
Sipma, J., Henstra, A.M., Parshina, S.M., Lens, P.N., Lettinga, G., Stams, A.J.M., 2006. 
Microbial CO conversions with applications in synthesis gas purification and bio-
desulfurization. Crit. Rev. Biotechnol. 26, 41–65.  
 
Sipma, J., Lens, P.N.L., Stams, A.J.M., Lettinga, G., 2003. Carbon monoxide conversion by 
anaerobic bioreactor sludges. FEMS Microbiol. Ecol. 44, 271–7.  
 
Sizova, M. V., Panikov, N.S., Spiridonova, E.M., Slobodova, N. V., Tourova, T.P., 2007. Novel 
facultative anaerobic acidotolerant Telmatospirillum siberiense gen. nov. sp. nov. isolated 
from mesotrophic fen. Syst. Appl. Microbiol. 30, 213–220. 
 
Slepova, T. V., Sokolova, T.G., Lysenko, A.M., Tourova, T.P., Kolganova, T. V., Kamzolkina, 
O. V., Karpov, G.A., Bonch-Osmolovskaya, E.A., 2006. Carboxydocella sporoproducens 
sp. nov., a novel anaerobic CO-utilizing/H2-producing thermophilic bacterium from a 
Kamchatka hot spring. Int. J. Syst. Evol. Microbiol. 56, 797–800. 
 
Slepova, T. V, Sokolova, T.G., Kolganova, T. V, Tourova, T.P., Bonch-osmolovskaya, E.A., 
2009. Carboxydothermus siderophilus sp. nov., a thermophilic, hydrogenogenic, 
carboxydotrophic, dissimilatory Fe (III)-reducing bacterium from a Kamchatka hot spring. 
Int. J. Syst. Evol. Microbiol. 59, 213–217. 
 
Slobodkin, A., 2014. The Family Peptostreptococcaceae, in: Rosernberg, E. (Ed.), Springer-
Verlag Berlin Heidelberg 2014The Prokaryotes: Firmicutes and Tenericutes. pp. 291–302.  
 
Soboh, B., Linder, D., Hedderich, R., 2002. Purification and catalytic properties of a CO-
oxidizing:H2-evolving enzyme complex from Carboxydothermus hydrogenoformans. Eur. 
J. Biochem. 269, 5712–5721. 
 
Sokolova, T., Hanel, J., Onyenwoke, R.U., Reysenbach, A.L., Banta, A., Geyer, R., Gonzalez, 
J.M., Whitman, W.B., Wiegel, J., 2007. Novel chemolithotrophic, thermophilic, anaerobic 
bacteria Thermolithobacter ferrireducens gen. nov., sp. nov. and Thermolithobacter 
 193 
carboxydivorans sp. nov. Extremophiles 11, 145–157.  
 
Sokolova, T.G., Gonza, J.M., Kostrikina, N.A., Chernyh, N.A., Slepova, T. V, Bonch-
osmolovskaya, E.A., Robb, F.T., 2004a. Thermosinus carboxydivorans gen. nov., sp. nov., a 
new anaerobic, thermophilic, carbon-monoxide-oxidizing, hydrogenogenic bacterium from 
a hot pool of Yellowstone National Park. Int. J. Syst. Evol. Microbiol. 54, 2353–2359.  
 
Sokolova, T.G., Gonzalez, J.M., Kostrikina, N.A., Chernyh, N.A., Tourova, T.P., Kato, C., 
Bonch-Osmolovskaya, E.A., Robb, F.T., 2001. Carboxydobrachium pacificum gen. nov., 
sp. nov., a new anaerobic, thermophilic, CO-utilizing marine bacterium from Okinawa 
Trough. Int. J. Syst. Evol. Microbiol. 51, 141–149. 
 
Sokolova, T.G., Henstra, A.-M., Sipma, J., Parshina, S.N., Stams, A.J.M., Lebedinsky, A. V, 
2009. Diversity and ecophysiological features of thermophilic carboxydotrophic anaerobes. 
FEMS Microbiol. Ecol. 68, 131–41. 
 
Sokolova, T.G., Jeanthon, C., Kostrikina, N. a, Chernyh, N. a, Lebedinsky, A. V, Stackebrandt, 
E., Bonch-Osmolovskaya, E. a, 2004b. The first evidence of anaerobic CO oxidation 
coupled with H2 production by a hyperthermophilic archaeon isolated from a deep-sea 
hydrothermal vent. Extrem. life under Extrem. Cond. 8, 317–23. 
 
Sokolova, T.G., Kostrikina, N.A., Chernyh, N.A., Kolganova, T. V., Tourova, T.P., Bonch-
Osmolovskaya, E.A., 2005. Thermincola carboxydiphila gen. nov., sp. nov., a novel 
anaerobic, carboxydotrophic, hydrogenogenic bacterium from a hot spring of the Kae Baikal 
area. Int. J. Syst. Evol. Microbiol. 55, 2069–2073. 
 
Sokolova, T.G., Kostrikina, N. a, Chernyh, N. a, Tourova, T.P., Kolganova, T. V, Bonch-
Osmolovskaya, E. a, 2002. Carboxydocella thermautotrophica gen. nov., sp. nov., a novel 
anaerobic, CO-utilizing thermophile from a Kamchatkan hot spring. Int. J. Syst. Evol. 
Microbiol. 52, 1961–7. 
 
Sokolova, T.G., Lebedinsky, A. V, 2013. CO-oxidizing anaerobic thermophilic prokaryotes, in: 
Satyanarayana, T., Littlechild, J., Kawarabayasi, Y. (Eds.), Thermophilic Microbes in 
Environmental and Industrial Biotechnology. Springer, Dordrecht, pp. 203–231.  
 
Stamatakis, A., 2014. RAxML version 8: A tool for phylogenetic analysis and post-analysis of 
large phylogenies. Bioinformatics 30, 1312–1313.  
 
Steinberg, L.M., Regan, J.M., 2008. Phylogenetic comparison of the methanogenic communities 
from an acidic, oligotrophic fen and an anaerobic digester treating municipal wastewater 
sludge. Appl. Environ. Microbiol. 74, 6663–6671.  
 
Steinbusch, K.J.J., Hamelers, H.V.M., Buisman, C.J.N., 2008. Alcohol production through 
volatile fatty acids reduction with hydrogen as electron donor by mixed cultures. Water Res. 
42, 4059–4066. 
 
Steinbusch, K.J.J., Hamelers, H.V.M., Plugge, C.M., Buisman, C.J.N., 2011. Biological 
formation of caproate and caprylate from acetate: fuel and chemical production from low 
grade biomass. Energy Environ. Sci. 4, 216. 
 
 194 
Stoll, V.S., Blanchard, J.S., 1990. Buffers: Principles and Practice. Methods Enzymol. 181, 24–
38. 
 
Sundara Sekar, B., Mohan Raj, S., Seol, E., Ainala, S.K., Lee, J., Park, S., 2014. Cloning and 
functional expression of Citrobacter amalonaticus Y19 carbon monoxide dehydrogenase in 
Escherichia coli. Int. J. Hydrogen Energy 39, 15446–15454.  
 
Svetlichny, V.A., Sokolova, T.G., Gerhardt, M., Ringpfeil, M., Kostrikina, N.A., Zavarzin, G.A., 
1991. Carboxydothermus hydrogenoformans gen. nov., sp. nov., a CO-utilizing 
thermophilic ananerobic bacterium from hydrothermal environments of Kunashir Island. 
Syst. Appl. Microbiol. 14, 254–260. 
 
Swinnerton, J.W., Linnenbom, V.J., Lamontagne, R.A., 1970. The ocean: A natural source of 
carbon monoxide. Science (80-. ). 167, 984–986. 
 
Tamura-Lis, W., Webster, D., 1986. Cyanide- and carbon monoxide-resistant mutants of 
Vitreoscilla: altered cytochromes and respiratory properties. Arch. Biochem. Biophys. 244, 
285–291. 
 
Tanner, R.S., Miller, Letrisa, M., Yang, D., 1993. Clostridium ljungdahliii sp. nov., an acetogenic 
species in clostridial rRNA homology group I. Int. J. Syst. Bacteriol. 43, 232–236. 
 
Tatusova, T., DiCuccio, M., Badretdin, A., Chetvernin, V., Ciufo, S., Li, W., 2013. Prokaryotic 
genome annotation pipeline, in: Bethesda (Ed.), The NCBI Handbook. National Center for 
Biotechnology Information, US. 
 
Techtmann, S.M., Colman, A.S., Murphy, M.B., Schackwitz, W.S., Goodwin, L. a., Robb, F.T., 
2011. Regulation of multiple carbon monoxide consumption pathways in anaerobic bacteria. 
Front. Microbiol. 2, 1–12.  
 
Techtmann, S.M., Lebedinsky, A. V, Colman, A.S., Sokolova, T.G., Woyke, T., Goodwin, L., 
Robb, F.T., 2012. Evidence for horizontal gene transfer of anaerobic carbon monoxide 
dehydrogenases. Front. Microbiol. 3, 132. 
 
Tiquia-Arashiro, S.M., 2014. CO-oxidizing microorganisms, in: Thermophilic carboxydotrophs 
and their applications in biotechnology.  
 
Tolli, J.D., Sievert, S.M., Taylor, C.D., 2006. Unexpected diversity of bacteria capable of carbon 
monoxide oxidation in a coastal marine environment, and contribution of the Roseobacter -
Associated clade to total CO oxidation. Appl. Environ. Microbiol. 72, 1966–1973.  
 
Traunecker, J., PreuB, A., Diekert, G., 1991. Isolation and characterization of a methyl chloride 
utilizing, strictly anaerobic bacterium. Arch. Microbiol. 156, 416–421. 
 
Uffen, R.L., 1976. Anaerobic growth of a Rhodopseudomonas species in the dark with carbon 
monoxide as sole carbon and energy substrate. Proc. Natl. Acad. Sci. U. S. A. 73, 3298–302. 
 
Ukpong, M.N., Atiyeh, H.K., De Lorme, M.J.M., Liu, K., Zhu, X., Tanner, R.S., Wilkins, M.R., 
Stevenson, B.S., 2012. Physiological response of Clostridium carboxidivorans during 
conversion of synthesis gas to solvents in a gas-fed bioreactor. Biotechnol. Bioeng. 109, 
 195 
2720–8.  
 
USEPA, 2000. Air quality criteria for carbon monoxide (2000) Final Report. Washington, DC. 
Vasudevan, D., Richter, H., Angenent, L.T., 2014. Upgrading dilute ethanol from syngas 
fermentation to n-caproate with reactor microbiomes. Bioresour. Technol. 151, 378–382.  
 
Vázquez-Baeza, Y., Pirrung, M., Gonzalez, A., Knight, R., 2013. EMPeror: a tool for visualizing 
high-throughput microbial community data. Gigascience 2, 16. 
 
Vega, J.L., Antorrena, G.M., Clausen, E.C., Gaddy, J.L., 1989a. Study of gaseous substrate 
fermenations: carbon monoxide conversion to acetate. 2. Continuous culture. Biotechnol. 
Bioeng. 34, 785–793. 
 
Vega, J.L., Clausen, E.C., Gaddy, J.L., 1989b. Study of gaseous substrate fermenations: carbon 
monoxide conversion to acetate. 1. Batch culture. Biotechnol. Bioeng. 34, 774–784. 
 
Vega, J.L., Prieto, S., Elmore, B.B., Clausen, E.C., Gladdy, J.L., 1989c. The biological 
production of ethanol from synthesis gas. Appl. Biochem. Biotechnol. 20–21, 781–797. 
 
Wardell, L.J., Kyle, P.R., Chaffin, C., 2004. Carbon dioxide and carbon monoxide emission rates 
from an alkaline intra-plate volcano: Mt. Erebus, Antarctica. J. Volcanol. Geotherm. Res. 
131, 109–121. 
 
Weghoff, M.C., Müller, V., 2016. CO Metabolism in the thermophilic acetogen 
Thermoanaerobacter kivui. Appl. Environ. Micriobiology 82, 2312–2319.  
 
Wender, I., 1996. Reactions of synthesis gas. Fuel Process. Technol. 48, 189–297. 
 
Wood, Harland, G., Ragsdale, S.W., Pezacka, E., 1986. The acetyl-CoA pathway: a newly 
discovered pathway of autotrophic growth. Trends Biochem. Sci. 11, 14–18.  
 
Wu, M., Ren, Q., Durkin,  a S., Daugherty, S.C., Brinkac, L.M., Dodson, R.J., Madupu, R., 
Sullivan, S. a, Kolonay, J.F., Haft, D.H., Nelson, W.C., Tallon, L.J., Jones, K.M., Ulrich, 
L.E., Gonzalez, J.M., Zhulin, I.B., Robb, F.T., Eisen, J. a, 2005. Life in hot carbon 
monoxide: the complete genome sequence of Carboxydothermus hydrogenoformans Z-
2901. PLoS Genet. 1, e65.  
 
Xie, C.H., Yokota, A., 2005. Pleomorphomonas oryzae gen. nov., sp. nov., a nitrogen-fixing 
bacterium isolated from paddy soil of Oryza sativa. Int. J. Syst. Evol. Microbiol. 55, 1233–
1237.  
 
Xu, K., Liu, H., Du, G., Chen, J., 2009. Real-time PCR assays targeting formyltetrahydrofolate 
synthetase gene to enumerate acetogens in natural and engineered environments. Anaerobe 
15, 204–213.  
 
Yagi, T., 1959. Enzymatic oxidation of Carbon Monoxide 2. J. Biochem. 46, 949–955. 
 
Yasin, M., Park, S., Jeong, Y., Lee, E.Y., Lee, J., Chang, I.S., 2014. Effect of internal pressure 
and gas/liquid interface area on the CO mass transfer coefficient using hollow fibre 
membranes as a high mass transfer gas diffusing system for microbial syngas fermentation. 
 196 
Bioresour. Technol. 169, 637–43.  
 
Yoneda, Y., Yoshida, T., Kawaichi, S., Daifuku, T., Takabe, K., Sako, Y., 2012. 
Carboxydothermus pertinax sp . nov ., a sulfur-reducing carboxydotrophic bacterium from 
an acidic hot spring. Int. J. Syst. Evol. Microbiol. 62, 1692–1697.  
 
Yoneda, Y., Yoshida, T., Yasuda, H., Imada, C., Sako, Y., 2013. A thermophilic, hydrogenogenic 
and carboxydotrophic bacterium, Calderihabitans maritimus gen. nov., sp. nov., from a 
marine sediment core of an undersea caldera. Int. J. Syst. Evol. Microbiol. 63, 3602–3608.  
 
Yoon, S.H., Ha, S.M., Kwon, S., Lim, J., Kim, Y., Seo, H., Chun, J., 2017. Introducing 
EzBioCloud: A taxonomically united database of 16S rRNA gene sequences and whole-
genome assemblies. Int. J. Syst. Evol. Microbiol. 67, 1613–1617.  
 
Younesi, H., Najafpour, G., Mohamed, A.R., 2005. Ethanol and acetate production from 
synthesis gas via fermentation processes using anaerobic bacterium, Clostridium 
ljungdahlii. Biochem. Eng. J. 27, 110–119. 
 
Zahn, J.A., Saxena, J., 2011. Novel ethanologenic Clostridium species, Clostridium Coskatii. US 
2011/0229947 A1. 
 
Zavarzina, D.G., Sokolova, T.G., Tourova, T.P., Chernyl, N.A., Kostrikina, N.A., 2007. 
Thermincola ferriacetica sp. nov., a new anaerobic, thermophilic, facultatively 
chemolithoautotrophic bacterium capable of dissimilatory Fe (III) reduction. Extremophiles 
11, 1–7.  
 
Zhang, F., Ding, J., Zhang, Y., Chen, M., Ding, Z.-W., van Loosdrecht, M.C.M., Zeng, R.J., 
2013. Fatty acids production from hydrogen and carbon dioxide by mixed culture in the 
membrane biofilm reactor. Water Res. 47, 6122–6129. 
 
Zhilina, T.N., Zavarzin, G. a., 1990. Extremely halophilic, methylotrophic, anaerobic bacteria. 
FEMS Microbiol. Lett. 87, 315–322. 
 
Zinder, S.H., Anguish, T., 1992. Carbon monoxide, hydrogen, and formate metabolism during 
methanogenesis from acetate by thermophilic cultures of Methanosarcina and Methanothrix 
strains. Appl. Environ. Microbiol. 58, 3323–3329. 
 
Ziv-El, M., Delgado, A.G., Yao, Y., Kang, D.W., Nelson, K.G., Halden, R.U., Krajmalnik-
Brown, R., 2011. Development and characterization of DehaloR^2, a novel anaerobic 
microbial consortium performing rapid dechlorination of TCE to ethene 92, 1063–1071. 
 
Ziv-El, M., Popat, S.C., Parameswaran, P., Kang, D.W., Polasko, A., Halden, R.U., Rittmann, 
B.E., Krajmalnik-Brown, R., 2012. Using electron balances and molecular techniques to 
assess trichoroethene-induced shifts to a dechlorinating microbial community. Biotechnol. 
Bioeng. 109, 2230–2239. 
 
 
 
